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Abstract
Using several optical characterisation techniques, a detailed study assessing the ability of 
pyridine2,6-dicarboxylic acid (dpa) and its 4-mono- and 3,4,5-trisubstituted analogues to 
sensitize emission from Pr^ % l\ld^ % Gd% Dy^  ^ and Er *^ is presented. Sensitization of Ln *^ 
emission was demonstrated via the ligands in all complexes, excluding Gd% with emission 
covering the spectral range from SOOnm to 1850nm obtained upon variation of the Ln *^ ion.
From the study of the ligand-based photoluminescence obtained from Gd^  ^ complexes, and 
the relative ligand and Ln^  ^emission obtained from the other complexes, the triplet and singlet 
state energies of the 3,5-dibromo substituted complexes (3,5-Br) are found to be ~2.33eV and 
~2.89eV respectively. Subsequently using photoluminescence excitation spectra the triplet 
state energies of the dpa-based, chel-based and 4-CI based Ln^  ^complexes are estimated to be 
~2.95eV, ~2.75eV and ~2.85eV respectively. The most efficient organolanthanide complex 
studied in this thesis was found to be that of Dy^^(chel)3 whilst the complexes of Er^* were 
found to be the least efficient.
©  Paul Edward Critchley 2012
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1. Introduction
1.1. Properties of Rare Earth Ions
The rare earth elements also called 'the lanthanides' are comprised of elements 57 
(lanthanum) to 71 (lutetium) in the 6 '^^  period of the periodic table, all of which have a Xe core 
of 54 electrons and have partially filled 4 /  orbitals. The 6s, 5s and 5p atomic orbitals are 
energetically lower than those of the 4 /  orbital and so are filled before it. As the series 
progresses the number of electrons occupying the 4 /  orbital increases from 0 in the case of 
lanthanum to 14 in the case of lutetium. Although the 4 /  orbital is energetically higher than 
those of the 6s, 5s and 5p orbitals its atomic radius is smaller as can be seen in figure 1.1  
resulting in the chemical properties (i.e. bonding) being determined by the outer lying 6s, 5s 
and 5p orbitals. These outer lying orbitals which are similarly filled across the series thereby 
give rise to similar chemical properties of the rare earths and offer some Coulombic screening 
to the 4 /  orbitals from external electric fields. As a result, external factors including local 
bonding and symmetry only split the configurations up to 12meV [Kidol 2002] which is 
crucial to their academic and industrial success [Wybourne2 2004].
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Figure 1.1 Plot of the radial charge densities for the 4 f ,  5s, 5p and 6 s electrons ofG d*
[Freemans 1962].
Upon bonding the lanthanides generally form optically active trivalent ions formed by losing 
one 4 /  and both 6 s electrons [Pavesi4 2010] with a few  lanthanide ions also able to form  
divalent or tetravalent ions (e.g. Ce^  ^ and Eu^ ""). The resulting emission from trivalent 
lanthanide ions spans the spectral range from the ultraviolet ~300nm through to the near- 
infrared (NIR) ~5pm in some glass hosts [HewakS 1996]. Table 1.1 shows the atomic 
configuration of all the trivalent lanthanides.
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Lanthanide
Chemical Atomic Ln3+ Ground S
Symbol Number (Z) Configuration 4 /  energy
lanthanum La 57 [Xe] 'So
cerium Ce 58 [X e]4 /1
praseodymium Pr 59 [ X e ]4 /2 "H4
neodymium Nd 60 [X e ]4 /3 %/2
promethium Pm 61 [ X e ]4 /4 \
samarium Sm 62 [X e ]4 /5 % /2
europium Eu 63 [Xe] 4 /  6 'Fo
gadolinium Gd 64 [X e ]4 /7 % /2
terbium Tb 65 [ X e ]4 /8 "Fe
dysprosium Dy 66 [Xe] 4 /  9 % s/2
holmium Ho 67 [Xe] 4 /  10 'Is
erbium Er 68 [Xe] 4 /  11 "^ ll5/2
thulium Tm 69 [Xe] 4 /  12 'He
ytterbium Yb 70 [Xe] 4 /  13 'F7/2
lutetium Lu 71 [Xe] 4 /  14 'So
Table 1.1 Properties of the trivalent lanthanide series presented as a function of xenon with 
associated ground state 4 /  energy levels as a construction of quantum numbers where
S is spin, J is orbital momentum and L is total angular momentum.
The shielding of the 4 /  level by the un-bonded 5s and 5p orbitals results in spectrally sharp 
(with slight broadening due to Stark and Zeeman splitting [HadniG 1972]) and largely host 
independent absorption and luminescence spectra [Hebbink? 2003] that have relatively long 
lifetimes [Pavesi4 2010] arising from intra-atomic 4 /  — 4 /  transitions. Lanthanide ions (Lnf*) 
have an 8  or 9 coordination requirement which is typically satisfied by their surrounding 
environment. In amorphous solid-state systems [ChoiS 2005, Choi9 2005], such as silica 
glasses [Pavesi4 2010, TanabelO 2000] or gallium-lanthanum sulphide glass [N o stran d ll 2007, 
Hughesl2 2007] the arrangement of local bonding may vary from site to site leading to a 
broadening of spectral features [SchweizerlS 1999]. In the case of organolanthanide 
complexes [Weissmanl4 1942] the surrounding bonding arrangement is the same in each
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molecule leading to more resolved spectral features. In this thesis it is these organolanthanide 
systems which are reported. A combination of their similar chemical properties, their 
spectrally narrow optical activity and relatively long radiative lifetimes means that the rare 
earths continue to be of significant interest in a variety of applications where optically active 
components are desired [BinnemanslS 2009, G eorgel6  2006, Liul7 2005, Thejo KalyanilS 
2012, Changl9 1995, Curry20 2001].
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1.2. Organic Ligand Sensitized Lanthanides
The unique absorption and photoluminescence properties of the trivalent lanthanide ions arise 
from parity forbidden intra-atomic 4 /  — 4 /  transitions. The forbidden nature of these 
transitions (to a first approximation) results in the absorption cross-sections of the lanthanides 
being small and so efficient optical excitation of the ions is difficult. In 1942 this issue was 
addressed when Weissman [Weissmanl4 1942] demonstrated that it was possible to 
efficiently sensitize lanthanide emission via bound organic rr-conjugated ligands. Organic 
ligands which typically have large absorption cross-sections due to n  n * electronic 
transitions, are able to absorb light and then transfer the energy into the lanthanide ions 
which are then able to emit [Bunzli21 2007]. Consequently there has been a significant 
amount of research dedicated to developing organolanthanide emitters for OLED displays 
where the lanthanides provide the optically active RGB elements [Kidol 2002]. More recently 
their development for use as non-invasive biological probes and markers [Elbanowski22 1996, 
Ruiz-Medina23 2011, Bouzigues24 2011] due to the optical transparency of biological tissues in 
the NIR region has been investigated [Bunzli21 2007, Bunzli25 2005]. Finally their potential for 
cheap optoelectronic devices, especially as optical amplifiers for telecommunications [Sloof26 
2002, Curry27 2000] utilizing the 1.53pm emission of Er *^ [Gillin28 1999], which coincides with 
the low-loss transmission region in silica optical fibres, has driven research efforts toward 
efficient NIR emitters [Gillin29 2001]. Table 1.2 provides a brief summary of the potential 
applications in the optoelectronics industry specifically for the lanthanide ions studied in this 
thesis.
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Lanthanide
Ion
Intra-atomic 4 /  — 4 /  
transition
Wavelength
X(pm )
Potential
Application
Pr3+
^ ' F 4 1.01-1.04 Optical local area networks
'G 4 ■ ^ 'H s 1.30-1.33 Telecommunications
'D; ^ 6 4 1.44
Nd^ 'Fs/2 ^ % / 2 0.87-0 .92 Optical local area networks
-> "^ ln/2 1.06-1.09 Laser line
-> "^ ll3/2 1.32-1.39 Telecommunications
-> \s /2 1.84-1 .86
Dy'" ' H 9/ 2, ^F11/2 'FI 15/2 1 .28-1 .34 Telecommunications
' H n /2 'FI 15/2 1.7-1 .8
'FI 13/2 ^  'His/2 2.89-3 .02
Er^ + 4,I13/2 ^  ' I 15/2 1 .53-1.60 Telecommunications
4 rJ3/2 -> "^ l9/2 1.7 Laser line
4,I1I/2 -^'ll3/2 2.7 Laser line (Laser Surgery)
Table 1.2 List of potential applications for NIR emitting lanthanides studied in this thesis
[CombySO 2007].
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1.3. Organolanthanide Photophysics
1.3.1 Ligand-Centred Processes
The mechanisms which describe organolanthanide sensitization are complex, however they 
can largely be simplified into a four stage process [CrosbySl 1961, Bunzli25 2005, Sloof26 
2002, Kidol 2002, Binnemansl5 2009]. The four stages consist of (i) Ligand absorption -> 
Ligand singlet (S i) (ii) Ligand singlet (S i) Ligand triplet (T i)  (iii) Ligand triplet (T i)  Ln^ + 4 /  
energy level (iv) Radiative relaxation from the Ln *^ 4 /  energy level as presented in figure 1.2.
The organic ligand is optically excited at an appropriate wavelength such that absorption (Abs) 
occurs exciting an electron from its highest occupied molecular orbital (HOMO) singlet state 
(So) to its lowest unoccupied molecular orbital (LUMO), following electronic reconfiguration 
and electron relaxation, the singlet state (S i) is formed. The excited electron then quickly 
relaxes non-radiatively to lower vibrational levels within the S i state [BinnemanslS 2009] 
resulting in a slight molecular reconfiguration to minimise the molecule's energy. At this point 
the electron can relax radiatively from the S i state back to the Sg state with the emission 
(fluorescence) of a ligand centred photon (PLpio) resulting in a Stoke's shift in wavelength such 
that PLpioCA) <  Abs(X).
Alternatively the electron can undergo a process referred to as intersystem crossing (ISC) by 
changing its spin and transferring to the triplet state (T i)  of the ligand. The T i  state occupies a 
lower energy level than that of the singlet state (S i). This is a result of less electron-electron 
repulsion due to the requirement that the total wave-function must remain odd (i.e. if the  
spatial component is even then the spin component must be odd, however if the spatial 
component is odd then the spin component must be even). Although this is a quantum  
mechanically forbidden process the S i and T i  states admix aided by the 'heavy atom' effect
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[Pope32 1999, Foot33 2005] due to the presence of the lanthanide ion which enhances the 
probability of the electron changing its spin through the L. S (Russell-Saunders) or J.J coupling 
mechanisms. Again the electron quickly relaxes non-radiatively to lower vibrational levels this 
time within the T j  state. The electron can then relax radiatively as ligand centred 
phosphorescence or non-radiatively to its original Sg state, these processes both require the 
electron to change its spin in a forbidden process reducing the probability of the relaxation and 
making the phosphorescence lifetime long compared with that of the fluorescence lifetime. As 
relaxation of the T j  state is a slow process, energy transfer (ET) to a 4 /  energy level in the 
lanthanide ion becomes a competitive relaxation route if available [Crosby311961].
If the triplet state energy (T j)  is closely matched to or slightly above a 4 /  energy level of the 
lanthanide ion then energy transfer (ET) into the lanthanide ion can occur [Crosby31 1961, 
Binnemansl5 2009, Kidol 2002] via a Dexter electron exchange process [Bunzli25 2005, 
Flebbink? 2003]. Energy transfer from the original excited singlet state (S i) is also possible 
[Hebbink34 2002], however generally as the S i state is short lived this process is less efficient 
[Bunzli25 2005].
Once the lanthanide ion is excited it will decay non-radiatively until it reaches a 4 /  level which 
is likely to emit. The probability of radiative emission from a 4 /  energy level is dependent on 
the closest subsequent lower 4 /  energy level, the larger the energy separation the higher the  
radiative emission probability. The electron can then relax radiatively emitting spectrally 
narrow photoluminescence (PL4^_4^) from intra-atomic 4 /  — 4 /  transitions as presented in 
figure 1 .2 .
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Figure 1.2 Photophysics schematic of the energy transfer processes in organolanthanide 
complexes where: Abs is absorption, PLpb is fluorescence from the ligand due to S j — Sq 
transitions, PLphos is phosphorescence from the ligand due to T j  -  Sq transitions, PL4y^ _4;^  is 
photoluminescence from the lanthanide ion due to intra-atomic 4 /  — 4 /  transitions, ISC 
indicates inter-system crossing and ET indicates energy transfer via a Dexter process.
1.3.2 Molecular Vibrational Energy Loss
Once the lanthanide ion is sensitized, radiative relaxation of the excited 4 /  electron states 
compete with non-radiative de-activation routes. The main non-radiative relaxation route is 
via vibrational coupling with the ligand and surrounding molecules [CrosbySl 1961]. Hence to 
efficiently sensitize emission from lanthanide ions it is crucial to satisfy their coordination 
requirements otherwise 'neutral' ligands bond to the lanthanide ion which typically leads to an 
increase in non-radiative energy loss and reduces the radiative emission rate. Wang et al 
[Wang35 2001] showed that by using )5-diketonate ligands which only fulfilled 6  of an 8
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coordination requirement, the remaining requirement was met by water molecules leading to 
a significant reduction in radiative efficiency [Kidol 2002]. This is of particular importance in 
biological applications where the organolanthanide complexes need to operate efficiently in 
aqueous ionic solutions.
0-H  bonds are well known to quench radiative emission from lanthanides [Yan36 1995, 
Prendergast37 1982] as their fundamental vibrational mode is comparatively high in energy 
E =  0.421eV [Sloof38 1998]. C-H bonds which have a fundamental vibrational energy 
E  =  0 .367eV [SIoof38 1998] have also proven to be undesirable. Figure 1.3 presents a 
number phonon modes and subsequent phonon overtones of common ligand and solvent 
molecules.
It has been demonstrated that by substituting molecules that have large fundamental 
vibrational energies (where low order overtones closely match lanthanide 4 /  energy levels) 
with molecules that have lower fundamental vibrational energies, the non-radiative quenching 
of luminescence can be significantly reduced [Wolbers39 1997]. It can be seen from figure 1.3 
that by substituting a close lying 0-H  molecule with a similar deuterium based molecule 0-D , 
the vibrational overtone energy can be severely reduced as was demonstrated by Wolbers et 
al [Wolbers39 1997]. Therefore if such bonding immediately surrounding the lanthanide is 
minimised through substitution, then the lanthanide photoluminescence efficiency can be 
improved.
Halogénation of the ligands is one such substitution which has led to increased lanthanide 
centred luminescence [van Deun40 2004, Comby30 2007]. As can be seen from figure 1.3 the  
halogens have very low fundamental vibrational energies, this makes non-radiative relaxation 
via a halogen vibrational mode less probable. It has also been suggested that halogens can 
improve the probability of ISC through the 'heavy atom ' effect [Albrecht41 2007, Curry20
10
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2 0 0 1 ] as they are more massive than elements, hydrogen and oxygen which they typically 
replace.
2.0 —
cu
c
LU
'F 9/2-
1.5 —
"F3/2
"G4 -
1 .0  —
— 'Fz
3F3 "^ 'i5/2
0.5 —
*^13/2
— \ l / 2
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Figure 1.3 4 /  energy levels of several lanthanide ions alongside vibrational phonon modes and 
subsequent phonon overtones of several common ligand and solvent molecular bonds such
as 0-H , C-H and C-0.
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1.4. Existing Organolanthanide Complexes
As it is possible to tune the sensitization and efficiency of organolanthanide complexes with 
organic chemistry there has been significant interest in the area. As a consequence there are a 
growing number of publications and review papers which offer a diverse variety of complexes. 
Two classes of complexes which are of significant relevance in this field are ^-dikeatonates 
[Kidol 2002, BinnemanslS 2009] and the 8 -hydroxquinolates [Bunzli25 2005, Eliseeva42 2010, 
Shavaleev43 2009] and their derivatives, due to commercial availability and the ease of 
manipulation through chemical substitution and bonding [Zhou44 2002]. Comprehensive 
reviews of lanthanide ^-diketonates and lanthanide 8 -hydroxquinolates are given by the  
authors Binnemans [BinnemanslS 2009, Binnemans45 2005], Eliseeva et al [Eliseeva42 2010], 
Bunzli et al [Bunzli21 2007], Thejo et al [Thejo Kalyanil8  2012] hence a brief summary is 
provided herein.
1.4.1. Lanthanide jg-Diketonates
Lanthanide 1,3-diketones are the most popular complexes studied in the field of 
organolanthanides [BinnemanslS 2009] as the synthesis of lanthanide based complexes is 
relatively easy with obvious applications such as NMR shift reagents and electroluminescent 
OLEDs [Thejo Kalyanil8  2012].
The jg-diketones are formed of two carbonyl groups separated by a single carbon atom called 
the a-carbon. In figure 1.4 when Ri and R2 take the form of hydrogen the simplest j?-diketone, 
acetylacetone (acac) is formed. Where the substituents on both carbonyl groups are methyl 
groups then 2,2,6,6-tetramethyl-3,5-heptanedione (thd (dpm)) is formed. A multitude of
12
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derivatives can be formed by manipulating the molecular configuration by substituting the 
positions Ri and R2 for other organic groups; allowing the triplet energy state to be tuned and 
hence the sensitization efficiency to be manipulated. A short list of basic substitutions and 
subsequent chemical nomenclature is given in table 1.3.
^ 2
R = H, CH3, CF3 
O  O
Figure 1.4 Basic j?-diketonate molecular structure where Ri and R2 can be substituted with the
functional groups R.
Ri R2 Chemical Nomenclature Abbreviation
H H Acetylacetone acac
CH3 CH3 2,2,6,6-tetramethyl-3,5-heptanedione thd (dpm)
CF3 H Trifluoroacetylacetone tfa
CF3 CF3 Hexaflouroa cetyla ceto n e hfac
CF3 CH3 6,6,6-trifluoro-2,2-dimethyl-3,5-hexanedione fdh
Table 1.3 Basic ^-diketonate molecular structures and nomenclature.
Figure 1.5 shows a more complex j^-diketonate 2-thenoyltrifluoroacetone (tta) formed with 
the substitution of CF3 in position Ri and C4S in position R2. This complex has been used by 
several authors as it has shown to improve the sensitized efficiency of organolanthanide 
luminescence.
13
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Figure 1.5 Molecular structure of/?-diketonate 2-thenoyltrifluoroacetone (tta).
Three main types of organolanthanide )S-diketones exist: the tris complexes, the Lewis base 
adducts of tris complexes and tetrakis complexes. Tris-^-diketonate, (Ln^ "’( )5 -diketone)3) 
forms a neutral complex however extra molecules are required to fully satisfy the 8  or 9 
coordination requirement of the lanthanide. Kido et al [Kidol 2002] first demonstrated red 
electroluminescence from the complex Eu^^(tta)3 molecularly dispersed in a hole-transporting 
polysilane. Tetrakis- j^-diketones form anionic complexes and therefore require a 
counteraction to maintain charge neutrality.
Most Eu^  ^ )9-diketonate complexes demonstrate intense lanthanide centred 
photoluminescence at ~612nm [BinnemanslS 2009] indicating the presence of an efficient 
energy transfer from the organic ligands. This is not the case for most other lanthanides with 
Pr% Nd% Ho% Tb^^ Er^ "", Tm^^ and Yb^  ^ displaying only weak emission at room tem perature  
[BinnemanslS 2009] indicating that the triplet state is not resonant with 4 /  energy levels of 
the lanthanide ions or that non-radiative quenching of the sensitized ion occurs. In the  
absence of lanthanide centred luminescence an increase in ligand centred phosphorescence 
can approach that of its corresponding Gd^  ^ analogue complex. Typically Gd^  ^ displays no
14
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lanthanide centred photoluminescence due to the relatively high energy of its 4 /  levels which 
are inappropriate for energy transfer [BinnemanslS 2009].
The 'neutral' ligands and other substituents can further help to tune the triplet energy level of 
the organolanthanide complexes [Gao46 1999] resulting in more efficient energy transfer into 
the lanthanide ion. One commonly used neutral ligand is that of 1,10-phenanthroline (phen) 
which is known to produce good luminescence from Eu '^’ in the complex Eu^  ^ (ttajg (phen) 
[BinnemanslS 2009] the chemistry of which is shown in figure 1.6.
F F
Figure 1.6 Molecular structure of Ln^^(tta)3(phen) with neutral ligand [BinnemanslS 2009].
Figure 1.7 shows the photoluminescence spectrum obtained from Eu^^(tta)3(phen) complex at 
77K when excited at 396nm where all the transitions originate from the ^Dq 4 /  energy level of 
Eu^\
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Fig 1.7 Photoluminescence spectrum obtained from Eu ‘^^ (tta)3(phen) complex in a KBr pellet at 
77K when excited at 396nm. All the transitions originate from the ^Dq 4 /  energy level of Eu^  ^
with the final 4 /  energy state indicated on each peak [BinnemanslS 2009].
Despite the catalogue of research on lanthanide )5-diketonates the photo-stability remains 
poor with such complexes known to degrade under ultra-violet (UV) excitation [BinnemanslS 
2009, Eliseeva42 2010], severely limiting their potential in applications such as optical 
amplifiers and as a result alternative complexes have been explored.
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Figure 1.8 Molecular structures of a large selection of ^ -diketonates commonly used in 
organolanthanide complexes [BinnemanslS 2009].
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1.4.2. Lanthanide 8-hydroxyquinolates
The first organic light emitting diode (OLED) utilizing 8 -hydroxyquinoIine as part of the active 
layer was reported by Tang et al [Tang47 1987] where the electroluminescence was obtained 
from an aluminium core. Figure 1.9 presents the tripodal molecular structure used by Tang et 
a! [Tang47 1987] in the active layer of the OLED with figure 1.10 showing the complete OLED 
device.
3+
Figure 1.9 Molecular structure of AIQ3 as reported by Tang et a! [Tang47 1987].
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MgAg
AIQ3
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ITO
Glass
Figure 1.10 AIQ3 based OLED device as reported by Tang e ta l  [Tang47 1987].
Figure 1.11 shows the relatively broad spectral emission and intensity voltage characteristics 
obtained from the AIQ3 device fabricated by Tang et al [Tang47 1987]. This OLED device was 
reported to have the unique characteristics: of high electroluminescent emission efficiencies, 
fast response times, low driving voltages and was created using relatively simple fabrication 
techniques.
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Figure 1.11 a ) Electroluminescence spectral emission b) electroluminescent intensity-current- 
voltage characteristics of AIQ3 device as reported by Tang e ta l  [Tang47 1987].
After Tang et al [Tang47 1987] demonstrated their viable OLED for optoelectronic applications, 
it was realized that by substituting the AI centre in the tris-8 -hydroxyquinoline complex with
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that of a lanthanide ion, spectrally sharper emission lines could be obtained which were more 
suited for displays considering their requirement for red, green and blue (RGB) emitting 
components. These spectral components can be obtained from Tb^% [Kido48 1990] Eu^  ^
[Kido49 1991] and Tm^^ [HongSO 1999] for the red, green and blue components respectively. 
Curry and Gillin et al demonstrated electroluminescence at longer NIR wavelengths from  
several LnQ-based devices more suited to telecommunications such as spectrally narrow  
1.54pm electroluminescence from Er *^ tris(8 -hydroxyquinolinate) [Gillin28 1999] which is also 
compatible with silicon technology [Curry27 2000]. An efficient ErQ NIR em itter is possible as 
the triplet energy level of quinolinate is at an energy of 2.23eV [Bunzli25 2005] which is closely 
matched to the 4 /  atomic state of F^g/2 in Er *^ at 1.95eV. Figure 1.12 shows the 
electroluminescence spectra obtained from YbQ3, NdQ3 and ErQ3 as presented by Curry and 
Gillin et 0 / [Gillin29 2001].
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Figure 1.12 Electroluminescence spectra obtained from Ln^'^tris(8 -hydroxyquinoline) (LnQ3) 
based OLEDs where Ln^  ^= Nd% Er^  ^or Yb^^ Each peak in the spectra originates from the intra- 
atomic 4 /  — 4 /  Ln^  ^transition indicated [Gillin29 2001].
As with lanthanide ^-diketones, tripodal Ln^  ^ 8 -hydroxyquinoline complexes have also been 
found to be stable in aqueous solution [Bunzli21 2007], however LnQ3 is less susceptible to  
photodecomposition and is found to be more versatile than lanthanide /?-diketones which 
need a 4^ *^  neutral ligand. As such extensive work has since been undertaken tuning the  
quinolates to produce more efficient sensitized emitters. Halogénation of the quinolate ligand 
is again a key technique to improve the sensitized quantum efficiency of the LnQ3 devices.
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Figure 1.13 shows the base quinolate molecule along with common substitutions where 
halogénation typically Improves efficiency by reducing the amount of non-radltlve relaxation 
[Bunzll25 2005]. It has also been suggested that by substituting hydrogen atoms on the ligand 
with atoms that have a higher atomic mass Increases the probability of ISC from the singlet 
state to the triplet state of the ligand through the ‘heavy atom ' effect [Albrecht41 2007], 
hence Increasing the probability of energy transfer (ET) Into the lanthanide Ion. Substitution of 
the S and 7 positions with chloride and bromide groups has been shown to Increase the 
sensitized emission by approximately 30% [van DeunSl 2003].
OH OH
X = H, Cl, Br
X
Figure 1.13 Base quinolate unit which can be manipulated with chlorine and bromine
substituents [Bunzll2S 200S].
Figure 1.14 presents quinolate modification using larger molecules such as tridentate which 
have also been shown to Increase the sensitized efficiency. Bromlnatlon c) was shown to 
Increase the quantum yield by a factor of 2.S-2.9 over the parent complex a )  [Ellseeva42 2010] 
attributed to the removal of C-H bonds which have a relatively large fundamental vibrational 
mode. A further advantage of 8 -hydroxyqulnollnate, together with large chelates and 
derivatives. Is the ability to add sulfonate groups to ensure water solubility [Ellseeva42 2010].
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OH
Y
X a )  X, Y = H
b ) X = H ,Y = B r
c) X , Y = B r
Figure 1.14 Molecular structure of 2-carboxamide-8-hydroxyquinoline molecules with
potential bromine substituents.
Figure 1.15 presents a three dimensional model of Er^ "" with three bonded 2-carboxamide-8- 
hydroxyquinoline molecules as reported by Albrecht et ol [Albrecht41 2007]. The three ligands 
complete the coordination requirement of the lanthanide and hence provide shielding to the 
Er^ "^  ion from solvent molecules.
Figure 1.15 Er^ "" complex formed with three 2-carboxamide-8-hydroxyquinoline molecules 
from figure 1.14 a ) as reported by Albrecht et al [Albrecht41 2007].
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1.4.3 Organolanthanide Pyridine 2,6-Dicarboxylate (dpa)
Another well-studied organolanthanide which has the advantage of fully satisfying the  
coordination requirements of Ln^  ^ ions is that of pyridine 2 ,6 -dicarboxylic acid (dipicolinic acid, 
dpa) [Brayshaw52 1995, Stephens53 1984, Mondry54 1995, Thomas55 1978] shown in figure 
1.16 and has itself been studied for its notable spectroscopic properties [Alimova56 2003, 
Xie57 2006]. Pyridine 2,6-dicarboxylic acid (dpa) and its derivatives are also known to be 
stable in solution [George16 2006, Chauvin58 2012, Ma59 2010, Lessmann60 2000] and as 
such have clear applications in bioimaging [Ouali61 2002, Picot62 2008, Yagi63 2010] and 
bioassay aided by the low absorption region of water in the NIR. Dpa is also naturally found in 
bacteria spores [Magge64 2008] as such the complexes of Ln^^(dpa)3 have potential 
applications in the detection of bacterial spores present in some biological weapons such as 
anthrax [Cable65 2009].
N
OH
Figure 1.16 Molecular structure of pyridine 2,6-dicarboxylate (dpa) with pyridine ring positions
3 ,4  and 5 noted.
The coordination requirements of the Ln^  ^ ions can be met when the dipicolinate (dpa) forms a 
tridentate ligand and takes the form Ln^^(dpa)s [Binnemansl5 2009] where an oxygen from  
each of the carboxylate groups and the nitrogen of the pyridine ring coordinate bonds with the
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lanthanide ion as presented in figure 1.17. As the dipicolinic acid can fully satisfy the Ln^  ^8 , 9 
coordination requirements, coordination bonds with undesirable molecules such as water are 
excluded from the first coordination sphere [LessmannGO 2000]. Hence photoluminescence 
can still be obtained from dipicolanato organolanthanides that are in aqueous environments 
without the emissive states being quenched through coordination with the OH of water 
molecules.
O
Ln
Figure 1.17 Ln^  ^ ion surrounded by three dpa molecules fully satisfying the 8 , 9 coordination
requirement of the lanthanide ion.
Several authors have presented spectroscopic studies of Ln^^(dpa)i, Ln ‘^"(dpa)2 and Ln ‘^^ (dpa)s 
[Horrocks66  1987] where it has been found that organolanthanide dpa complexes other than 
the form Ln^^(dpa)3 show significantly less sensitized efficiency [Binnemans67 1997, W erts68  
2002] as observed in figure 1.18 and table 1.4. The organolanthanide complex has an ideal 
symmetry when the Ln^  ^to ligand ratio is 1:3 [Binnemans67 1997, StephensSB 1984], as can be 
seen in figure 1.18, this results in the appearance of a doublet in the intra-atomic 4 /  — 4 /
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transition of Fi Di in Eu  ^due to 2J +  1 splitting. In the case where the Ln^  ^to ligand ratio 
is lower i.e. 1 :1 , the complex is non-symmetric leading to reduced intensity of the same 
transition with no evidence of a doublet. As a result the presence of a doublet in excitation 
spectra has previously been used as direct evidence of a 1:3 Ln^  ^ to ligand ratio [GeorgelG 
2006]. The difference in relative dipole strengths between Ln^^(dpa)s and Ln^^(dpa)4 is typically 
found to be negligible [BinnemansS? 1997] and as such complexes with a tetrakis-coordination 
are not discussed further. Figure 1.18 also shows that the complexation ratio for Ln^  ^to ligand 
results in an increasing redshift of the intra-atomic 4 /  — 4 /  transitions which takes the order 
1:0 < 1:1 < 1:3 and has been attributed to the 'nephelauxetic effect' [Jorgesen69 1962].
26
1. Introduction
0.1S
0.12
0.09
V
'o 0.06
fl
0.03
w
0.00
0.12
s 0.09u
I 0.06
0.03
0.00
0.12
su 0.09
1 0.06
0.03
0.00
nm 525 550
• • 1 
. J0 Û
1 :1  -
•— F.
-  1
— ’f 1 :0  -
'D, ^ F ,
19500 19000 18500 18000
ENERGY (cm * )
Figure 1.18 Room temperature absorption of the transitions to the ^Di 4 /  energy level in 
Eu ‘^"(dpa)3 {top}, Eu^^(dpa)i {middle} and Eu^  ^(aq) {bottom} [Binnemans67 1997].
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Intra-atomic
4 / - 4 /
Experimental absorption dipole 
strengths 
xlO'^ (debye^)
transition E u 'laq ) Eu^^(dpa)i Eu^^(dpa):
'Fl "Di 2 10 21
'Fo ^Di 2 2 2
'Fo 3 11 23
'F l ^  "D3 5 11 17
'Fl ^  "Le - - 71
'Fo "Le 213 234 353
Fo,l L^y, ^Gj 85 84 132
'Fl -> "D4 4 6 14
'Fo "D4 17 17 16
Table 1.4 Experimental absorption dipole strengths of Eu^^(dpa)3, Eu^^{dpa)i and Eu^  ^(aq)
[Binnemans67 1997].
The ease of which the 4-position of the dipicolinic acid can be substituted gives rise to a host of 
possibilities in tuning the efficiency of sensitized energy transfer from the ligand to the  
lanthanide in these organolanthanide complexes. Lamture et al [Lamture70 1995] created 
analogues of dpa where the 4-substituent of Tb^  ^ (dpa[4 -X])3 was H, 0-H , Cl, and Br this 
resulted in large differences to the relative quantum efficiency which took the order 0-H  > Cl > 
H = Br. The result that the quantum efficiency of the 4-CI analogue is higher than that of the 4- 
Br analogue suggests that the sensitization is not largely dependent on a 'heavy atom ' effect 
but rather the deactivation of non-radiative energy routes. More complex substitution of the 
4-position on the pyridine ring is also possible through the substitution of functional groups 
the sensitized efficiency of the organolanthanides can be further enhanced [OualiGl 2002, 
D'Aléo71 2008, Eliseeva42 2010].
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1.5. Pyridine 2,6-Dicarboxylate and its 4 and 3, 5 Analogues
Rather than substitute ever larger complexes on the 4-posltlon of dipicolinic acid, It Is also 
possible to reduce the local phonon energy of the Ln^  ^ by substituting not only the 4-posltlon 
but the 3,5-posltlons of the pyridine ring which could prove crucial to the development of an 
efficient NIR emitter. George et al [George16 2006] previously reported an Eu^^(dpa)3 complex 
with substitutions on the 4 and 3, 5 positions of the dpa, with 0-H  and Cl on the 4-posltlon and 
with Br on the 3,5 positions, these substitutions are shown In figure 1.19.
,0  o
O'
Figure 1.19 a ) Pyridine 2,6-dlcarboxylate [dpa], b) Chelldamic acid {2-2H'") [chel], c) 4- 
chloropyrldlne-2 ,6 -dlcarboxyllc acid (3 2H^ + 2 H2O) [4-CI], and d )  3,5-dlbromo-4- 
hydroxypyrldlne-2,6-dlcarboxyllc acid d I hydrate (4-2H'" + 2 H2O) [3,5-Br].
It was found that the sensitization efficiency decreased upon substitution of the 4-posltlon In 
the order Cl > H > OH, no sensitization was observed In the case of the 3,5 substitution.
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George et al [Georgel6  2006] also found that the optical absorption characteristics of the 
ligands (due to n  ^  n *  transitions) red-shift upon halogénation of the pyridine ring. This is 
particularly prominent upon bromination of the 3,5 positions; attributed to an increase in 
polarity of the complex [Weisstuch72 1968], the results obtained are presented in figure 1.20.
20000
15000
~  10000
u 5000
300 350250
4 -Ç 
3 - i
1 
0
x 5
\ m .
a) W avelength (nm ) b )
300 350 400 450 500 550 600 
Wavelength (nm)
Figure 1.20 a ) Absorption spectra of Eu^^(dpa)3 and its analogues in methanol b) absorption of
Eu ‘^"(dpa)3 in w ater [G eorgel6  2006].
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This study aims to extend the work reported by colleagues George et al [Georgel6 2006] 
which was constrained to the study of Eu^^ Here we report substitution on the dipicolinic acid 
of the 4 and 3, 5 positions of the pyridine ring, with 0-H  and Cl on the 4-position and with Br 
on the 3,5 positions with host metals of Gd% Pr^ % Nd% Dy^ "^  and Er^ % shown in figure 1.21. As 
previously reported [Georgel6  2006] (teahjg "^  ^ has been used to balance the overall charge of 
these organolanthanide complexes. The synthesis and chemical characterisation of the 
complexes has been reported by M . George [George73 2006] and was carried out at the 
University of Southampton.
As previously stated, by reducing the number of C-H bonds local to the Ln^  ^and replacing them  
with halogen bonds should lead to less non-radiative deactivation of the excited triplet state 
(figure 1.3) and hence increase the sensitized quantum efficiency. In order to brominate the
3,5 positions of the pyridine ring first they needed to be 'oct/voted'through substitution of the 
4-position with C-O-H bonds. This molecule therefore has three fewer C-H bonds but one is 
replaced with a C-O-H bond which is known to increase non-radiative deactivation. To 
investigate whether the effect of the C-O-H bond substitution override the advantage of the 
two C-Br bonds a control ligand has been created 'chel' which has two C-H bonds in the 3,5 
positions and one C-O-H in the 4-position.
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Ln
Figure 1.21 Molecular structure of Ln^^pyridine 2,6-dicarboxylate [Ln^^(dpa)3] and its analogues
studied in this thesis.
Using the optical characterization techniques of: absorption, photoiuminescence,
photoluminescence excitation, photoluminescence quantum efficiency and radiative lifetime 
we can investigate whether changing the functional groups of the dipicolinic acid affects the 
excited state energy levels of the ligand and hence the energy transfer from the ligands to the 
Ln^  ^ ions. The well-established theoretical analysis of Judd-Ofelt has also been performed on 
the organolanthanide complexes to ascertain the applicability of the model.
In the subsequent chapters of this thesis the complexes of Gd^  ^ are presented first, as the  
absence of intra-atomic 4 /  — 4 /  transitions in the spectral region of interest allows us to study 
how the heavy Ln^  ^ ion affects the properties of the ligands being studied. Following this the 
complexes of Pr^ % Nd% Dy^  ^ and Er^  ^ are presented in order of increasing atomic mass.
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Figure 1.22 presents the energy levels as reported by Dieke et al [Dieke74 1963] for the 
lanthanides Gd% Pr^\ Nd% Dy^  ^ and Er^  ^ to aid with the analysis of the organolanthanide 
complexes presented in this thesis.
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Figure 1.22 4 /  energy level diagram of the lanthanide ions Gd% Pr% Nd^% Dy^  ^and Er^  ^
studied in this thesis as reported by Dieke et a! [Dieke74 1963].
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2.1. Absorption
2.1.1 Introduction
When light is incident on the surface of a body the light typically interacts through one of the 
processes of reflection, refraction, absorption or transmission. The latter three of these 
processes occur as the light propagates through the medium and absorption results in the 
attenuation of the incident light which can be defined through the Beer-Lambert law.
2.1.2 Beer-Lambert Law
The photonic absorbance of a medium is quantified by measuring the attenuation of light 
passing through it. The change in light intensity from its incidence on a medium can be 
expressed as a function of pathlength ^m u ltip lied  by a constant V  shown in equation 2 .1 .
dio =  —al^d x  ( 2 .1 )
[Sole75 2005]
Where I q is the intensity of the incident light and Ix  is the intensity of light at a penetration 
depth of X.  The constant a  (linear napierian) is an intrinsic property of the medium and is 
referred to as the absorption coefficient and has units of cm '\
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Figure 2.1 The attenuation of light with an initial intensity [ Iq)  through a medium with a 
thickness of dx  and final diminished intensity {I^).
Through the integration of equation 2.1 the Beer-Lambert Law is derived.
(2.2)
The Napierian absorption coefficient, a  (cm'^), is directly proportional to the effective 
absorbing area known as the absorption cross-section, o (cm^), multiplied by the density of the 
electronic dipoles which may be excited, N (cm'^), in any given medium.
a =  (jN (2 .3 )
The linear Napierian absorption coefficient (a) can be found by measuring the transmission (7) 
of a medium. Where the transmission is directly proportional to the intensity of light (7;^ :) 
which has passed through a medium of thickness x  divided by the intensity of light incident on 
the medium {Iq) .
(2 .4 )
From equation 2.2 and 2.4 the transmission of light through a medium can be related to its 
absorption coefficient using a Napierian logarithm.
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r  =  ^  =  (2 .5 )
Alternatively we can also take the decadic logarithm of the transmission as in equation 2.6.
This gives us a new linear decadic absorption coefficient, a (cm'^).
The linear decadic absorption coefficient 'a ' is a function of a medium's molar absorptivity and 
its concentration.
a =  8c (2 .7 )
Where £ is the defined as the molar absorptivity (or molar extinction coefficient) (L mol'^ cm'^) 
which can be expressed as (cm^ mol'^), c is the molar concentration (mol L'^ ) which can be 
expressed as (mol cm'^).
The optical density {O.D.) or absorbance (Abs) of a medium can then be easily expressed as a 
function of the medium's thickness or pathlength (x) and the decadic absorption coefficient 
'o'.
0 . D. =  Abs =  ax  (2 .8 )
As the absorption coefficient has units of cm'^ and the pathlength (x) has units of cm the
absorbance (Abs) and optical density {O.D.) are dimensionless. From equation 2.6 the
absorbance can be written as a function of the intensity of light transmitted through the  
sample.
Abs = l0g (^ ) (2.9)
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= ' “ ® ©
Abs =  l o g ( f )  (2.10)
[Burgess76 1981]
The absorption cross-section of a medium can therefore be calculated from an absorbance 
measurement if the density of ions and path length are known. Care must be taken when 
converting between the decadic and Napierian systems confusion between which is rife in the 
academic literature, in particular with regard to the application of the Judd-Ofelt theory 
discussed later.
i  =  ^  =  IQG  ^ =  (2 .11)
Abs =  log = log = ax = log(e“^) (2.12)
a «  log(2.718) a  «  0.434a (2.13)
Abs = ax «  0.434ax (2.14)
a = oN (2.15)
Abs % 0.434(tNx (2.16)
Abs 
0.434N% “  °
Taking the natural logarithm of the linear decadic absorption coefficient yields the same result
a = In(lO) Q «  2.303a (2.18)
2.303Abs
(2 .1 9 )
[Sole75 2005]
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2.1.3 Resonant Absorption
Resonant absorption occurs when the incident light energy is closely matched to the dipole 
energy of electronic states within the material such as atomic or molecular orbitals and hence 
the light is absorbed. The energy transfer occurs through the promotion of an electron into 
these energy states and the annihilation of the photon, this mechanism is presented in figure 
2 .2 , where the energy of the photon given by Ep is equal to that of the difference between two  
energy states within the material i.e. Ep =  AE =  E2 — E^.
Incident
W V W W
h
E l
h  »  4
Transmitted
W W W V
Figure 2.2 Diagram showing the mechanism of absorption.
Classically the degree of resonance between the energy states of the material and that of the 
incident photons is directly proportional to the amount of energy which is transferred to the 
material. As such strong absorption is seen in materials where the energy of the incident 
photon is closely matched to the energy states of a material and so the electronic states of a 
substance can be determined by measuring the attenuation of light through a sample. This is 
an incredibly powerful technique in view of the sharp intra-atomic 4 /  — 4 /  transitions which 
occur in lanthanide based systems as discussed in chapter 1. The absorption spectra of these
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materials can in fact be used to determine emission properties of such materials through Judd- 
Ofelt theory as discussed later in chapter 3.
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2.1.4. Absorption Experimental Arrangement
An Agilent Cary 5000 UV-Vis-NIR spectrophotometer was used to measure the absorption of 
the 16 complexes analysed in this study. Solutions were made for each complex by dissolving 
them in methanol or water and then the solutions were transferred into UV-Quartz cuvettes 
which had a pathlength of 1cm. Figure 2.3 presents a summary of the internal workings used 
in an absorption spectrophotometer. Light emitted from a spectrally broad lamp is resolved 
into spectrally narrow components using a grating. This light is then passed into two separate 
chambers where one chamber is used as a reference by passing the light through a cuvette 
which holds the solvent used to dissolve the complex. In the second chamber, the light is 
passed through a cuvette which is 'matched' to that used in the reference chamber (i.e. 
manufactured from the same batch to reduce the presence of different impurities between 
the two cuvettes) which contains the solution of the complex. As the light intensity entering 
through the two chambers and the distance between the source and the detector is the same, 
the reference beam can be taken as I q and the light passing through the medium which has 
undergone some absorption can be taken as Therefore by comparing the light exiting the  
two chambers the absorbance 'Abs' (from equation 2.10) of a sample can be calculated. As 
the Beer-Lambert law is wavelength dependant, by variation of the grating angle the spectral 
range of the source can be scanned. The Agilent Cary 5000 spectrophotometer operates over 
a range of 175-3300nm with a maximum resolution of iO .ln m  in the UV-VIS region and a 
maximum resolution ±0.4nm in the near-infrared region.
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Abs =  log ( ^
Beam SplitterFilter
Lamp
Monochromator
Sample
Figure 2.3 Diagram showing the experimental arrangement of a double beam 
spectrophotometer [Sole75 2005].
The UV-Vis-NIR absorption spectra of each complex studied in this thesis were obtained using 
two concentrations of complex dissolved in methanol (unless stated otherwise). A low sample 
concentration which consisted of ~0.1m M of organolanthanide complex was used to obtain 
the absorption spectra of the organic ligands. A higher concentration which consisted of 
~10m M of organolanthanide complex was used to obtain the absorption spectra of the Ln^  ^
ions in their respective host complex. The higher concentration was needed as a consequence 
of the intra-atomic 4 /  — 4 /  transitions being comparatively weak compared to those of the 
organic ligands as discussed in chapter 1. For all 16 complexes a spectral resolution of O.lnm  
over the wavelength range of 190-2000nm was used to obtain complete absorption spectra, 
however only the regions which show absorption are presented.
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2.2 Photoluminescence
2.2.1 Introduction
Following the absorption of a photon and the promotion of an electron to that higher energy 
state, the electron now occupying the higher energy state relaxes to lower energy states. If 
there are subsequent lower lying energy states which are separated by a small amount of 
energy then the electron is more likely to relax via a non-radiative emission process such as 
the emission of a phonon. If however there is a large energy gap to the subsequent lower 
energy state the electron can relax via a radiative process through the emission of a photoh. 
Figure 2.4 presents this process diagrammatically where the energy states of the medium £*2 
and Eg have a small separation in energy and those of Eg and E  ^ have a large separation in 
energy.
Absorption
wwwv
E„
Non-radiative 
Emission
Radiative
Emission
W W W V
Figure 2.4 Absorption of a photon resonant with an energy state within a medium through the 
promotion of an electron, subsequent non-radiative relaxation of the electron into a lower 
energy state and finally radiative emission when the electron decays back to the ground
state E l.
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2.2.2 Photoluminescence Experimental Arrangement
A continuous wave Argon Ion laser (Coherent Innova I308C) was used to excite the lanthanide 
complexes at wavelengths of 351nm and 458nm. The laser light was passed through a notch 
filter (NF) appropriate to the excitation wavelength used to remove laser plasma lines. The 
laser light was then directed through an optical chopper (Thorlabs MClOOOA) operating at a 
frequency of 235Hz enabling lock-in amplification of the sample's emission using a Signal 
Recovery DSP 7265 amplifier. The laser light was then directed onto the organolanthanide 
sample which was held between two quartz slides. The subsequent light emitted from the 
sample was collected, collimated and focussed onto the slits of a monochromator (Bentham 
TMc300) using a pair of lenses U and L2 as shown in figure 2.5 which had matched /-num bers  
to the monochromator. The focussed emission was also passed through a long-pass filter (LPF) 
appropriate to the excitation wavelength used to remove scattered laser light. The 
monochromator was equipped with two gratings which were used depending on the  
wavelength being measured (1200 lines mm'^ blazed at 500nm and 600 lines mm'^ blazed at 
1pm) with detection using a Si or InGaAs photodiode (Newport 818-SL or 818-IG). All the 
spectra have been corrected for filters, gratings and detectors which were used as appropriate 
to the experiments, the transmission and correction factors of which are presented at the end 
of this chapter.
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NFChopper
Ar  ^Laser
Lock-In
AmplifierLPF
UVSi/inGaAS detector
Sample Stage
Monochromator
Figure 2.5 Diagram showing the experimental arrangement used for photoiuminescence 
experiments, indicating the presence of a notch filter (NF), collimating and focussing lenses Li 
and L2 respectively and a long pass filter (LPF).
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2.3 Photoluminescence Quantum Efficiency
2.3.1 Introduction
The photoluminescence quantum efficiency can be calculated using equation 2.20 as the ratio 
between the number of photons emitted and the number of photons absorbed.
number of photons emitted
number of photons absorbed (2.20)
This can be directly calculated by performing three independent experiments with an 
integrating sphere as demonstrated by de Mello et al [de Mello77 1997]. These three 
experiments (a ) , (h ) and (c) are as follows: (a )  where only the scattered laser spectrum is 
measured through the sphere, (h ) the sampie is indirectly excited by scattered laser light and 
both the laser spectrum and the sample's emission spectrum are measured and (c) the sample 
is directly excited and again both the laser spectrum and the sample's emission spectrum are 
measured. These three experimental arrangements are shown diagrammatically in figure 2.6.
No Sample Indirect Excitation Direct Excitation
Monochrom ator | |
&  Detector ^
Sample
Sample
Integrating Sphere
Figure 2.6 Diagram showing the three experimental arrangements needed to obtain the  
photoluminescence quantum efficiency (PLQE) of a substance using an integration sphere: a )  
no sample, b) sample indirectly excited by the laser light, c) sample directly excited by the
laser light [de Mello77 1997].
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If no other alterations are made between each arrangement then by integrating the total laser 
excitation spectra and emission spectra obtained from each experiment; a relative 
measurement of the number of photons absorbed by the sample and the number of photons 
emitted can be made. This is assuming that the laser light scattered from different positions 
on the sphere wall contribute identically to the measured spectra, verified experimentally to 
an accuracy of ±2% by de Mello et al [de Mello77 1997]. Calculating the product of the 
measured spectral intensity and the wavelength accounts for the energy distribution of the 
spectra (i.e. photons which have a shorter wavelength are higher in energy) and gives a value 
proportional to the number of photons measured.
The subsequent derivation of the photoluminescence quantum efficiency (PLQ.E) follows that 
proposed by de Mello et al [de Mello77 1997]. From the differences observed between the 
measured laser excitation spectra (L) of the three arrangements the relative number of 
photons absorbed by the sample through direct and indirect excitation is derived. Taking case 
'a' and case 'b' we can derive an expression for the fraction of light absorbed by indirect 
excitation (p).
n =  l - ^  ( 2 .2 1 )
Where and L^ , are the unabsorbed measured laser excitation spectra components from  
experiments 'a' and 'b' respectively. Alternatively this can be written giving as the product 
of the full laser spectra and the fraction of unabsorbed laser light.
Li, = L„(l-n) (2.22)
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The absorption through direct excitation (A) can then be calcuiated by comparing cases 'a' and 
'c' whilst accounting for the indirect absorption from internal reflections within the sphere.
L, =  L a ( l - A ) ( l - ^ i )  (2.23)
Substituting equation 2.22 into this expression gives us a simple formula for the direct 
absorption.
A = l + f ^  (2.24)
Conversely by comparing the emission spectra 'E' obtained in experiments 'b' and 'c% the 
relative number of photons that are emitted after direct and indirect absorption is derived. 
The total measured spectra (i.e. the total number of photons) in experiment 'c' (L^ +  Eg) 
where the sample is directly excited can be expressed as a function of the results from  
experiment V .  Equation 2.25 is true where a fraction of the incident laser light is reflected, 
transmitted or absorbed and where the collimated laser light (rip^L^A) contributes to the 
measured spectra, where r\p^ is the photoluminescence quantum efficiency (PLQE) of the 
sampie.
L-c +  Ec =  (1 — A)(Ly +  Eb) + rip^L^A (2.25)
Thus making r|p^ the subject of equation 2.25 and through substitution of and 'E^' yields 
equation 2.26.
[de Mello77 1997]
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2.3.2 Photoluminescence Quantum Efficiency Experimental Arrangement
The photoluminescence quantum efficiency (PLQE) was measured using a combination of the 
spectroscopic techniques, discussed in section 2.2 and 2.3.1 of this chapter, where the 
excitation spectra of the light source and emission spectra of a sample is measured within a 
closed sphere across a range of wavelengths. Figure 2.7 shows the experimental arrangement 
which was used to calculate the PLQE of the samples. The PLQE was measured for each 
sample using an integrating Sphere (Newport 819D-SF-4). The baffle indicated in the figure 2.7 
prevents any direct excitation light or sample emission from entering the monochromator and 
being detected which would skew and efficiencies derived.
NF
Ar+ Laser
Lock-in Amplifier
Chopper
Filter
Emission
Detector
integrating Sphere 
Barium Coated interior
Baffle
Monochromator
Figure 2.7 Diagram showing the experimental arrangement used to measure the 
photoluminescence quantum efficiency (PLQE).
48
2. Experimental Overview
A continuous wave Argon Ion laser (Coherent Innova I308C) at emission lines of 457.9nm or 
514nm was used to excite the lanthanide ions and their associated complexes. The laser light 
was passed through a notch filter (Ealing Optics) and then directed through an optical chopper 
(Thorlabs MClOOOA) which was cutting the beam at a frequency of 235Hz. The laser light was 
then directed into the integrating sphere and either directed onto the sample or the diffusive 
sphere wall depending on which of the three experiments was being performed, as presented 
in section 2.3.1 of this chapter. The sample was mounted onto a small steel plate and 
compacted into a small recess drilled into its top surface. As the small sample holder was 
placed into the integrating sphere for every experiment including those performed without 
excitation of the sample the relative photoluminescence quantum efficiency measurement 
would be unaffected by its presence. Experimentally dependent filters were mounted onto 
the exit aperture of the integrating sphere; for measuring the laser spectra which was 
relatively high in intensity, a detector-matched neutral density filter was used to reduce the 
energy incident onto the detector face. The effect of the neutral density filter at the 
wavelengths used was then characterised and the spectra obtained corrected for any losses. 
For measuring the emission of the organolanthanide samples several Thorlabs edge-pass filters 
(series FELXXXX) were used to avoid any 2"  ^ order light being generated on the  
monochromator diffraction grating. The diffuse light from the integrating sphere passed 
through a monochromator (Bentham TMc300) blazed at either SOOnm or IGOOnm. The light 
was then detected by either a silicon detector (Newport 818-SL) or an indium gallium arsenide 
(InGaAs) detector (Newport 818-IG). The signal was then amplified by a lock-in amplifier 
(Signal Recovery 7265 DSP).
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2.4 Q-Switch Laser System
2.4.1 Introduction
To obtain photoiuminescence excitation (PLE) a Spectra Physics Quant-Ray Indi Q-switch 
Nd:YAG laser system was used with the extension of a GWU Versa Scan optical parametric 
oscillator (OPO) and a GWU UVScan frequency doubler.
The Nd:YAG flash lamp laser produces an intense laser line at 1064nm. The 1064nm line is 
then frequency doubled by a first harmonic generation crystal to 532nm and subsequently a 
third harmonic crystal produces a 355nm line, as presented in figure 2.8. The output from this 
system is commonly referred to as the 'pump'.
Q-Switch A/4
High Reflectance 
Mirror
Output Coupler
Nd:YAG and Flash 
Lamp
3'^ '* Harmonic 
Generation
355nm
Harmonic
Generation
Figure 2.8 Diagram showing the Q-switched Nd:YAG pump laser and its and 3""^  harmonic
generation non-linear crystals.
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When the pump laser {Ep) enters the OPO it strikes a non-linear crystal, as seen in figure 2.9, 
which produces two lower energy photons such that equation 2.26 is satisfied. The two lower 
energy photons are referred to as the 'signal' (Es) and the 'idler' (Ei).
Ep = Es + Ei
hfp =  Ms +  M i
(2 .2 6 )  
(2 .2 7 )  
[Sole75 2005]
Telescope
High Reflectance 
Mirror
OPO Non-linear Crystal
High Reflectance 
Mirror
A/2
Output Coupler
Figure 2.9 Diagram showing the OPO resonator and non-linear crystal.
By changing the angle of the non-linear crystal to the incident laser the frequency of the  
photons fs and / )  can be tuned in a manner consistent with equation 2.27. The OPO used in 
these experiments produced a tuneable output wavelength between 412nm and SOOnm.
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The output from the OPO was directed into a second harmonic generator (SHG) (UV Scan) 
shown in figure 2.10. Two crystals inside the unit; UV-S and UV-L doubled the frequency of the 
OPO output by combining two photons of the same frequency.
Pellin-Broca Prism
UV-L UV-S
Non-linear Crystals
Figure 2.10 Diagram showing the frequency doubling crystals and Pellin-Broca prism used to
direct the laser output.
h fo p o  + h fo p o  — ^h fsH G (2 .2 8 )
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The UV-S crystal allowed the generation of wavelengths from 214nm to 254nm. The UV-L 
crystal allowed for the generation of wavelengths from 256nm to 354nm and through second 
harmonic generation of the idler 356-408nm. The two crystals also allowed the laser to pass 
through the unit un-disturbed, allowing a tuneable output of between 412nm to 2500nm. The 
full range of the system was therefore from 214nm to 2500nm as presented in table 2.1.
Crystal
W avelength  
Range (nm ) 
UV-S 214  - 254
UV-L 256  - 354
U V-L+'ldler' 3 5 6 -4 0 8
4 12  - 700
OPO 
'Signal'
OPO 'Id ler' 700  - 2500
Table 2.1 Q-switch laser system wavelength range.
When using the 'signal' laser component the crystals also transmit the 'idler' laser component, 
however the beam path of the laser is dependent on frequency and as such the two  
components are separated spatially. As such figure 2.11 shows the 'Idler' wavelength plotted 
as a function of the 'Signal' wavelength.
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UV-L+I
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■o
1000 -
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Signal Wavelength (nm)
700250 300 350 600 650
Figure 2.11 Graph showing the relationship between the 'Signal' wavelength and 'Idler' 
wavelength of the Q-switch laser system.
2.4.2 OPO and Frequency Doubler Calibration
The OPO non-linear crystals required calibrating; this involved adjusting the angle of the crystal 
to the incident beam by adjusting the crystal stage motors. By observing the laser line through 
a monochromator and detector it was possible to find which motor positions corresponded to  
which wavelengths. Once the motor position for a wavelength was found the position was 
saved into the laser control software.
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The laser software had an 'ideal curve' which was then fitted to the motor positions for a set of 
wavelengths found. This calibration set would then be used to produce a laser output 
between 412nm and 2600nm.
Calibration of the UV frequency doubling non-linear crystals was performed using a similar 
process, the laser software had a predetermined 'ideal curve' for each of the two crystals UV-S 
and UV-L. The motor position was adjusted at a given wavelength to produce frequency 
doubled emission. In the case of frequency doubling crystals it is important to remember that 
instead of tuning the wavelength it is the power which is being tuned. By maximising the 
power output from five data points across the crystal range the laser software which controls 
the crystal motors fits an ideal curve to these positions which is then used as a reference for all 
the wavelengths available.
2.4.3 Characterisation and Stability
Once the laser was calibrated it was important to characterise the laser output power as a 
function of wavelength. The non-linear processes involved in the generation of laser light from  
an OPO and frequency doubling system meant that the laser power varied significantly 
between the UV and visible ranges. As expected, due to the extra processes involved, the UV 
region was significantly less intense than the visible region. The output power was found to 
have an approximate maximum of 50m W  in the UV region compared to an approximate 
maximum of ~300m W  in the visible region as can be seen in figure 2.12.
The stability of the laser over time was also characterised as small deviations in the positions 
of the non-linear crystals (from effects such as thermal drift), have large implications for the
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output power of the laser due to the chaotic nature of these non-linear processes. Figure 2.12 
also presents the laser power as measured on a three day interval, the results of which 
indicate that the output power remained relatively stable.
1 8 /05 /2012
2 1 /0 5 /2 0 1 2
3 0 0 -
200 -
E
I
Q.
100 -
250 500 625 750 8751000 1250375 2500
Wavelength (nm)
Figure 2.12 Characterisation of the Q-Switch laser system over a period of several days.
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2.5 Photoiuminescence Excitation Spectroscopy
2.5.1 Introduction
Photoiuminescence excitation (PLE) is a spectroscopic technique which compliments 
absorption spectra as the relation between absorbing states and radiative states can be 
investigated. PLE is performed by exciting a sample at various wavelengths whilst measuring 
its radiative emission intensity. In this thesis a 21Hz Q-Switched Nd:YAG laser was used in 
conjunction with an optical parametric oscillator (OPO) and two frequency doubling crystals 
(UV-S and UV-L). This allowed the wavelength of the excitation laser to be tuned from 214nm  
up to 2500nm as experimentally required.
Photoiuminescence excitation (PLE) was therefore used to determine which absorbing 
transitions in the organic ligands would lead to radiative emission from the lanthanide ions 
thus allowing the energy transfer process between the two components of the complex to be 
studied. Figure 2.13 presents the experimental arrangement used to measure the PLE of the  
complexes.
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Lock-in Amplifier
Pinhole
ND
Filter OPO Nd:YAG Pump LaserUV S+L
Beam
SplitterPinhole
LPF Lock-in Amplifier
818-UVSi
Detector Emission
DetectorSample Stage
Monochromator
Thermal
Detector
Figure 2.13 Diagram showing the arrangement used for photoiuminescence excitation
experiments.
The intensity of photoiuminescence of a sample is proportional to the excitation intensity at 
any given wavelength. Therefore to obtain the PLE spectra of a sample, the photoluminescent 
intensity must be adjusted for the excitation intensity across the wavelength range used. 
Thermal fluctuations and minor variations in the position of the non-linear crystals means that 
the excitation power typically varies over time and between experiments, as such in this thesis 
the photoluminescent and excitation intensities were measured simultaneously as shown in 
figure 2.13.
To obtain PLE spectra the laser beam was directed through a pinhole followed by a neutral 
density filter and then another pinhole. The neutral density filter allowed the intensity of the  
laser pulse to be adjusted and the two pinholes allowed the desired laser pulse to be picked 
out. The laser was then separated into two paths with a beam splitter made from optical
58
2. Experimental Overview
fused quartz (UQG Optics Vitreosil®). The beam splitter allowed approximately ~5% of the 
laser light to be reflected onto a second mirror, the light was then focused by lens (U i) onto 
the sample. The small fraction of light used helped to prevent the sample from being damaged 
by the intense energy contained in each laser pulse. The remaining ~95% of the laser light was 
then transmitted onto a second beam splitter with approximately another ~5% being reflected 
onto a detector (Newport 818-UVSi) and again the remaining laser light being transmitted to a 
thermal detector (Thorlabs S3 IOC). The 818-UVSi detector was connected to a Signal Recovery 
7220 DSP Lock-in Amplifier which used the 21Hz Q-Switch flash lamp trigger as a reference 
signal.
Radiative emission from the sample was then collected with two lenses; the first collimating 
the emission (Lsi) and the second (Lsz) focussing the emission through a Thorlabs long pass 
edge filter (LPF) into a monochromator (Bentham TMc300). The monochromator allowed the 
emission wavelength to be scanned from 400nm to 2600nm by selecting one of two diffraction 
gratings blazed at SOOnm and at IGOOnm respectively. Detectors appropriate to the emissive 
wavelength, Newport 818-Si and Newport 818-IG, were then used to detect the  
photoiuminescence.
2.5.3 Laser Intensity Correction
Two separate experimental methods were used to measure the excitation intensity 
throughout the PLE experiments, in the first case the excitation intensity was measured using a 
thermal detector. As discussed above the laser was separated into two components by the 
beam splitter (BSJ with one component exciting the sample and the other passed into a 
detector to measure the excitation intensity. The laser pulse that was transmitted through the  
optical fused quartz beam splitter (BSi) had an intensity of T (À ) ' and detected by a detector
S9
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(Thorlabs S310C) coupled to a power m eter (Thorlabs PMIOOUSB) as shown in figure 2.14. In 
these PLE experiments the signal obtained from the sample's emission intensity 'E (À)' was 
then divided by the transmitted intensity T (À ) ' as given by equation 2.29.
E(À)
— P^^measured (2 .2 9 )
In the second experimental method a second beam splitter was used (BS2) to direct a second 
reflected beam 'R 2 (A)' into a second detector (Newport 818-UVSi which was connected to a 
Signal Recovery 7220 lock-in amplifier), as shown in figure 2.14. The signal obtained from the 
sample emission 'E(À)' was then divided by the detected power of the second reflection 
'R 2 (A)' to correct for the laser excitation power, as given by equation 2.30. The use of lock-in 
amplification to measure 'RzCA)' improved the stability of the measured excitation intensity 
compared to that detected by the thermal power meter, particularly important when the  
sample's emission intensity is relatively weak.
E(À)
— P^P-measured (2 .3 0 )Rz(A)
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E(À)
Newport
818-UVSi
Detector
T(A)
Sample Stage
Thorlabs
S310C
Detector
Figure 2.14 Diagram showing the simultaneous measurement of excitation power and sample
emission.
Although the laser excitation intensity and the sample's emission intensity were measured 
simultaneously the optical response of the first beam splitter (BSJ and the lens (Ui) across the  
wavelength range used needed to be accounted for. As such a set of experiments were 
performed to create a correction factor where a detector was also placed in the laser beam 
path between the lens (Ui) of figures 2.13 and 2.14 and the sample to measure the excitation 
intensity at position R i(A ). In the PLE experiments this reflected beam intensity 'R i(A )' 
represents the true laser intensity used to excite the sample with the subsequent sample 
emission of intensity 'E(A)' directed through a monochromator and detected as described in 
section 2.5.1.
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In the first experimental method used to measure the PLE of a sample, multiplying the 
PLE^easured (E (A )/T (À )) by a correction measurement of T (À ) /R i(À )  gives the true PLE 
spectral intensity.
E(À) T(À) E(À)
T(À)Ri(À) Ri (À) (2 .3 1 )
Figure 2.15 presents the correction factor T (À )/ R i (A) determined by dividing the transmitted 
intensity T(A) by the reflected intensity R i(A ) measured at position Ri of figure 2.14.
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Figure 2.15 The correction factor of T (A )/ R i(A ) used to account for the optical response of 
the beam splitter (BSJ and the lens (Lq ) of figure 2.14. (In the UV region the fused quartz is 
seen to transmit more laser intensity than it reflects which is accounted for through this
correction factor).
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Similarly in the second experimental setup used, multiplying the PLE^gasured (E (A )/ R2 W )  
by a correction measurement of R2 (A )/ R i(A ) again gives the true PLE spectral intensity.
E(A) Rz(A) E(A)
(2 .3 2 )
R2(A )R i (A) R i (A)
Figure 2.16 presents the results obtained from measuring this correction factor R2 (A )/ R i(A ).
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Figure 2.16 The correction factor of R2 (A )/ R i(A ) used to account for the optical response of 
the beam splitter (BSJ and the lens (Lli). (The detector response at position R2 (A) also needs 
to be accounted for and is discussed in the following section).
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2.5.4. Detector Response
In the second experimental correction measurement a Newport 818-UVSi detector was used 
to measure the excitation intensity. As such to correctly calculate the relative laser excitation 
intensity for the PLE experiments the detector response at position R2 (A) in figure 2.14 
needed to be accounted for. Figure 2.17 presents the calibrated response of the silicon 
detector (Newport 818-UV, UV enhanced silicon). Dividing the laser intensity measured at this 
position by the calibrated response gave the true relative excitation intensity used in the  
calculation of the correction factor.
Intensity
1.0 -
0.8 -
0.6
Q .
0.4-
0.2 -
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500 600300 400 700 800 900 1000200 1100
Wavelength (nm)
Figure 2.17 Calibrated detector response of Newport 818-UV used to calculate the relative
excitation intensity of the laser.
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2.6 Radiative Lifetime Spectroscopy
2.6.1 Introduction
Measuring the radiative lifetime of the samples gives further insight into the energy transfer 
process. Also by comparing the results obtained to the lifetimes obtained from the Judd-Ofelt 
model it is possible to assess the accuracy of the model when applying it to lanthanide ions 
which have been encapsulated by this set of ligands.
OPO Nd:YAG Pump Laser
Oscilloscope
Photomultiplier
TubeSample Stage
Monochromator
Figure 2.18 Schematic diagram showing the setup used for measuring the radiative lifetime of
samples.
Temporally resolved photoiuminescence measurements were obtained using a lOHz Q- 
Switched nano-second Nd:YAG laser tuned to various wavelengths depending on the PLE 
characteristics of the sample being studied. The emission from the sample was collected in a 
manner presented in figure 2.18 using a set of matched lenses to collimate and focus the  
photoiuminescence into a monochromator (Horiba Triax 550) set to an appropriate
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wavelength. The sample emission was then detected using a high voltage photomultiplier 
tube (PMT) in the case of the Nd^^ Er *^ and Pr^  ^organolanthanide complexes a nitrogen cooled 
IR PMT was used (Hamamatsu C5594) and in the case of the complexes a Visible PMT was 
used (Electron Tubes QL30). The signal was then fed into an oscilloscope (LeCroy Waverunner 
LT372) triggering from the Q-Switch lamp pulse controller. The signal was then averaged over 
512 data points to improve the signal to noise ratio. Figure 2.19 presents the response of the 
system used to measure the lifetime of the organolanthanide complexes which is found to be 
~3.40±0.07ns.
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Figure 2.19 Graph showing the laser line measured at 450nm by the IR PMT (~3.40±0.07ns).
Equation 2.33 was used to fit the experimental data from which the lifetime was derived, 
where t  gives the radiative lifetime.
/  =  loe % (2.33)
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2.7 Spectra Correction Factors
2.7.1. Introduction
In experiments where spectra were measured (i.e. PL, PLQE and PLE) the transmission of 
filters, reflectance of gratings and detector responses was taken into account. In the case of 
the absorption measurements an off-the-shelf Cary 5000 closed system spectrometer was 
used which corrected all spectra internally. The subsequent section contains the transmission, 
reflectance or response of each major component used in this thesis.
2.7.2. Filter Transmission
Several filters were used throughout the experiments in order to optimize the intensities 
measured; each filter having a specific transmission which needed to be accounted for. Two 
types of filters were used throughout this thesis, optical glass long-pass filters and interference 
long-pass edge filters. The transmission percentage of all the filters used is presented in 
figures 2.20 and 2.21. It can be seen that the optical glass filters typically have a spectrally 
broad transmission edge whereas the interference filters have a spectrally narrow  
transmission edge. The interference filters were used where possible but due to manufacturer 
restrictions were only available in SOnm intervals.
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Figure 2.20 Transmission spectra of the eight optical glass long-pass filters (OGXXXXLP) used in 
experiments to measure the photoluminescence of the organolanthanide complexes in this
thesis.
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Figure 2.21 Transmission spectra of the nine edge-pass filters (FELXXXX) used in experiments 
to measure the photoluminescence of the organolanthanide complexes in this thesis.
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2.7.3. Grating and Detector Corrections
The photoluminescence of the samples was passed through one of two gratings within the 
Bentham TMc300-c monochromator, 1200 lines mm'^ blazed at SOOnm and 600 lines mm'^ 
blazed at 1pm depending on the wavelength range desired. The emission was then detected 
using one of four detectors suited for the grating blazed at either SOOnm or 1pm; Newport 
818-UV, 818-SL and Newport 818-IG, 818-IR respectively. Figures 2.22 and 2.23 show the 
correction factors used to account for the combination of the grating and detector used.
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Newport 818-UV Si (1200g/mm grating) 
Newport 818-SL Si (1200g/mm grating)
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Figure 2.22 Correction factors of the monochromator grating (1200g/m m ) and two silicon (UV
Si and SL Si) detectors used in this thesis.
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Figure 2.23 Correction factors of the monochromator grating (600g/mm ) and indium gallium 
arsenide (InGaAs) and germanium (Ge) detectors used in this thesis.
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3.1. Introduction
In lanthanide ions the 4 /  shell is weakly affected by the surrounding environment due to the 
Coulombic shielding provided by the occupied 5s and 5d orbitals. This provides the 
lanthanides with relatively stable 4 /  energy levels which are not directly dependent on the  
host material. The 4 /  energy levels are therefore very well defined and produce spectrally 
narrow emission with small cross-sections.
Judd-Ofelt theory was developed independently by Judd who presented his paper 'Optical 
Absorption Intensities o f Rare-Earth Ions' [Judd78 1962] and Ofelt who presented his paper on 
'Intensities o f Crystal Spectra o f Rare-Earth Ions' [Gfelt79 1962] in the same year. Judd-Ofelt 
theory provides a theoretical framework that describes the intensities of these 4 /  electrons in 
solids and solutions and in practice gives a prediction of the lifetime of an electrically excited 
4 /  energy state. This model does not take into account non-radiative relaxation mechanisms 
due to thermal energy loss and other non-radiative mechanisms. As a result Judd-Ofelt theory  
only gives us, for example, ideal lifetimes, in practice the lifetimes determined experimentally 
are shorter than those calculated due to non-radiative energy loss. Due to the success of the  
Judd-Ofelt theory it has been widely adopted in the study of the optical properties of the rare 
earth ions. In this chapter its core assumptions and principles are reviewed closing with  
validation of the modelling used in this thesis against published values.
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3.2. Quantum Mechanics of Lanthanide Inclusions
The Hamiltonian which describes the energy state of an atom occupying a space in a host 
crystal lattice is given by equation 3.1.
H  — ^ e le c t ro n  K.E. ^ n u c le u s  ^ e le c t r o n -e le c t r o n  ^ s p in - o r b i t  ^ c r y s ta l  f ie ld
(3.1)
^ e le c tro n  K.E. describes the sum of kinetic energies of all the electrons in the 4 /  ion and 
^nucleus describes the potential energy of all the electrons due to the field of the nucleus. The 
sum of the electron kinetic energy and nucleus potential energy gives the Hamiltonian for the 
central field approximation such that ^ e ie c tro n K .E . +  ^ n u c le u s  = '^ c e n tr a l  F ie ld ’ >n the 
central field approximation each electron is treated as moving independently within the field 
of the nucleus and with a spherically symmetric averaged potential from all the electrons in 
the atom [WalshSl 2006].
^ e ie c tro n -e ie c tro n  describes the Coulombic repulsion potential from electron-electron 
interactions. The Coulomb interaction produces different terms for the magnitude of the total 
orbital angular momentum (L) and the magnitude of the total spin angular momentum (S) 
presented using the spectroscopic notation . The Coulomb interaction remains
independent of the total angular momentum of electrons (J), as such the electron-electron 
Coulomb interaction removes degeneracy in S and L [WybourneSO 2007, W alshSl 2006].
^spin-orbit describes the coupling between the orbital angular momentum (L) and the spin 
angular momentum (S) which are added vectorially to give the total angular momentum (J) 
and hence ^spin-orbit is dependent on J. This dependence is referred to as X. S' or Russell- 
Saunders coupling and combined with the Coulombic repulsion produces the states
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^spin-orbit does not commute with or it does however commute with and and is 
independent of my. The spin-orbit interaction therefore removes degeneracy in (J) 
[WybourneSO 2007, WalshSl 2006].
^crystal fie ld 's the crystal field potential due to the lattice electro-static forces of the host 
material and is treated as a minor perturbation to the free atom Hamiltonian (given by the first 
4 terms of equation 3.1). The free atom is treated as spherically symmetric, however the 
crystal field destroys this symmetry which reduces to a point symmetry. The crystal field 
interaction removes the degeneracy in my [WybourneSO 2007, WalshSl 2006] and the J 
multiplets are split into Stark components, the degree of which is dependent on the strength 
of the crystal field. The Stark splitting is degenerate for ions with an odd number of fermions 
referred to as Kramers degeneracy [SchweizerS2 199S]. The stark splitting of the 4 /  energy 
levels may be observed experimentally and used to provide information on the local symmetry 
of an emitting ion.
VanVleck [VleckS3 1937] reported that three mechanisms must be considered to describe 
intra-atomic 4 /  — 4 /  transitions which are observed in the trivalent lanthanide series (Ln^ )^, 
these are electric dipole (ED), magnetic dipole (MD) and electric quadrupole (EQ). In a 
spherically symmetric free atom the initial and final states of intra-atomic 4 /  — 4 /  transitions 
have the same parity. As such strong ED transitions between these levels are quantum  
mechanically forbidden by Laprote's rule which states that ED transitions can only occur 
between states of opposing parity. Transitions can therefore only occur due to the much 
weaker MD and EQ processes, a summary of allowed transition selection rules for these three  
mechanisms is presented in table 3.1.
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Transition S L J Parity Allowed
ED AS =  0 AL =  0, ± 1  AJ =  0 ,+ 1 , opposite
MD AS =  0 AL =  0 AJ =  0, + 1  same
EQ AS =  0 AL =  0, +1 , + 2  AJ =  0, +1 , ± 2  same
Table 3.1 Allowed selection rules for intra-atomic 4 /  — 4 /  transitions with quantum numbers 
S, L and J and Laporte's parity rules for an electric dipole, magnetic dipole and electric
quadrupole.
As proposed by Van VIeck et al in 1937 [Vleck83 1937] and later refined by Broer et al in 1945 
[Broer84 1945] a distortion of the electron motion within a rare earth ion by a non- 
centrosymmetric crystal field means that the initial and final 4 /  states (which have odd parity) 
admix with the higher 5d states (which have even parity). This admixing causes the initial and 
final 4 /  states to have opposing parity and the La porte selection rule allows ED transitions 
within the 4 /  orbital. As the rare earth ions have outer shells which shield the inner partially 
filled 4 /  shell from external fields the influence of the crystal field on the 4 /  shell becomes 
small in comparison to the spin-orbit interactions. It is the weak coupling of the lanthanide 4 /  
shell to its host that gives rise to their spectrally sharp transitions and hence their desirability 
for use in a wide variety of optoelectronic applications.
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The relative strength of the mutual electron repulsion and spin orbit interaction varies and is 
referred to as intermediate coupling when the magnitudes of these two effects are similar. 
Figure 3.1 diagrammatically shows the energy level splitting of a lanthanide 4 /  shell within a 
host material due to the terms of equation 3.1.
4y(n-l)5d  S P D F G H I...
1 2 3 4 5 6 7 . . .
2 S + 1 l
Stark Levels
Ho (nucleus) ^  I i '  ^ 2 , Tg,...
({^(electrons)
HgoCspm orôît)
Coupling spin and 
orbital angular V g  ( C r y S t a t  J i e i d )  
Hq >  H(] J Hgo >  Vq momentum (Electric field  o f host)
Figure 3.1 A diagrammatic representation of the 4 /  energy level splitting of a rare earth ion in
a host lattice due to equation 3.1.
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3.3. Judd-Ofelt Theory Principles
The Judd-Ofelt theory [Judd78 1962, Ofelt79 1962] describes the line strengths of intra-atomic 
4 /  — 4 /  electric dipole transitions (Se d ) based on several theoretical models. These are; (i) 
the static model, where the central ion is affected by the surrounding host through a static 
electric field, (ii) the free-ion model which treats the ion as being free and the host crystal field 
is treated as a perturbation on the free ion, and (iii) the single configuration approximation 
which assumes a single state exists.
The starting point for Judd-Ofelt theory is that of the non-centrosymmetric field in which {ipj\ 
and \ip ji) represent the admixed initial and final 4 /  states that are admixed with those of the  
higher 4 / ” “ ^5d state of opposite parity. This is done by taking the first part of the odd- 
order crystal field V  expanded in a series of spherical harmonics given by equations 3.2 and
3.3.
{ t j \  =  W l  (3 .2 )
V  •' *
M  = Wj)+  (33)
^
Where {(pj\ and \(pj/) represent the unperturbed initial and final 4 /  electron states 
respectively. The denominator energy summations thus represent the difference in energy 
between the higher lying 4f'^~^Sd  state which have opposite parity and the 4 /  electron state. 
The electric dipole operator P which is given by equation 3.4 can then be used to find the 
electric dipole matrix elements by combining equations 3.2 and 3.3 around the electric dipole 
operator ED =  (i|;y|p|i(;y') and are given by equation 3.5.
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=  (3 .4 )
As electric dipole transitions between states of the same parity are quantum mechanically 
forbidden the terms {(pj\P\(pjf) and [(p^\P\(p^) are equal to zero and so do not appear in 
equation 3.5.
To simplify the situation several assumptions are made by the Judd-Ofelt theory, these are:
1. The configurations of 4 / ” “ ^5d which admix with those of 4 / ”  are assumed to be 
degenerate in J [Gfelt79 1962, Peacock87 1954, Walsh81 2006]
2. The difference in energy between the 4f^~ ^S d  configuration and those of the initial 
and final state of the 4 /^  configurations is equal i.e. from equation 3.6 Ej — =  
Ejr -  E^ [Gfelt79 1962, Peacock87 1954, Walsh81 2006]
3. All Stark levels within the ground manifold are equally populated i.e. sum over all Stark 
split J-levels i.e. not a Boltzmann distribution of the population among the Stark levels 
[Gfelt79 1962, Peacock87 1954, WalshBl 2006]
4. The material is optically isotropic, i.e. centrosymmetricity is assumed [Gfelt79 1962, 
Peacock87 1954, WalshBl 2006].
Figure 3.2 shows the relative positions of the 4 / ” configurations (shown in red) and the 
4 / ” “ ^5d configurations (shown in blue) for all the trivalent lanthanides (Ln^ )^ as reported by 
Ggasawara et al [Ggasawara85 2004]. These configurations were calculated from a fully 
relativistic first-principles many electron situation [Ggasawara8 6  2001]. It is clear that the 
Judd-Gfelt assumptions are less valid for Ln^  ^ ions where there is a large energy separation
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between the 4 / ^ “ ^5d and 4 /^  configurations. From figure 3.2 we can see that this is the case 
for lanthanide ions such as Pr^\ however these assumptions are valid for the majority of Ln^  ^
ions and offer a significant simplification for numerical applications.
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Figure 3.2 Calculated energy level diagram of the 4 / ” (shown in red) and 4f^~^S d  (shown in 
blue) configurations of the lanthanide series [OgasawaraSS 2004].
The second assumption allows the energy denominators to be factored out of equation 4.5 
and the angular parts of the electric dipole operator and crystal field can be combined into an 
effective tensor operator [WalshSl 2006].
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Once the tensors are combined further simplification can be invoked using the Wigner-Eckart 
theorem [Peacock87 1954, WalshSl 2006] which separates the geometry of the angular 
momentum transformations from the physical dynamics in the reduced matrix element. It is 
now possible to derive the full Judd-Ofelt solution which is capable of calculating transitions 
between individual Stark levels, however simplification is possible with further assumptions.
The third assumption is based on the fact that in solutions and crystals it is not possible to 
experimentally distinguish between individual Stark levels which is typically the case at room 
temperature. At low temperatures or where J is small however it is possible to experimentally 
distinguish between these levels making the theory less valid in these cases [Peacock87 1954, 
Walsh81 2006].
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3.3. Judd-Ofelt Theory Derivation
The oscillator strength (/-num ber) for an electric dipole transition which is directly related to a 
term called the cross section is defined as;
^ Z  (3.6)
 ^ '  M M '
[Broer84 1945, Walsh81 2006]
From equation 3.6 and using the assumptions made in section 3.2 Judd and Ofelt derived an 
expression for the theoretical oscillator strength given by equation 3.7.
I  " ' I " " ' " " " ' " ! '
^  ^  ^  '  2 = 2 ,4 ,6
Where the summation is over X =  2,4,6 as the second assumption in section 3.2 allowed the 
cancellation of the intensity expression which contained odd X. The %  values refer to the 
odd-order parameters of the crystal field and therefore consist of, radial integrals over 
wavefunctions of the 4 / ” and perturbing opposite parity wavefunctions of higher energy and 
energies separating these states in terms of perturbation energy denominators [Walsh81 
2006]. The summation over X =  2,4,6 in equation 3.7 is known as the Judd-Ofelt or calculated 
line strength (Se d  calc) and is given by equation 3.8.
SEDcaicQ-n= Y, fiA|<r[6il/||uW||/"[5'L'l/'>r (3.8)
2 = 2 ,4 ,6
Where are the Judd-Ofelt phenomenological parameters. The squared term are the doubly 
reduced matrix elements of the intermediate coupling scheme (discussed in section 3.1) for 
the ground and excited 4 /  atomic states. As the electric dipole transitions arise from small 
crystal field perturbations (discussed in section 3.2), these matrix elements are not highly
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dependent on the host material. As such these reduced matrix elements ((||U^^^||)) have been 
tabulated by several authors, most notably Carnall et al [Carnall88  1968, Carnall89 1968], and 
are used in the application of Judd-Ofelt theory to obtain the phenomenological parameters 
for lanthanide ions in a variety of host environments.
Several selection ruies are obtained subsequently from Judd-Ofelt theory, presented below in 
table 3.2.
Transition S L J Parity
ED AS =  0 A L < 6  ^  =  =  0 )
MD AS =  0 AL =  0 AJ =  0, ± 1  Same
QD AS =  0 AL =  0 ,+1 , ± 2  AJ =  0, ± 1 ,+ 2  Same
Table 3.2 Judd-Ofelt Selection Rules [Peacock87 1954, Walsh81 2006].
The line strength of each transition ]  -^ J ' can also be derived experimentaliy by integrating 
the measured absorption cross-section of each transition which is given by equation 3.9.
23ch(2J +  1) /  3n x" f  
SEDmeas(J--J)= )  J (3 .9 )
manifold
[Wang90 2001, Walsh81 2006]
Where J is the total angular momentum of the initial ground manifold, <t (A )  is the absorption 
cross-section as a function of wavelength for the given particular transition, n is the refractive 
index of the host material and X is the mean wavelength of the given transition. In this way 
the value for the line strength (S’^ ^meas) of each intra-atomic 4 /  — 4 /  transition can be 
caiculated for any given lanthanide. Table 3.3 presents the experimentally determined line 
strengths {SEOmeas) for the complex Nd^^(dpa)3 as derived from absorption measurements 
presented in figure 6.1 b) of section 6  using equation 3.9.
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Transition Wavelength /  o { X ) . dX ^ED meas
\ / 2 ^ S ' L T I(nm) (X10'^°cm^) (X10’^ °cm
% / 2 872 11.063 1 . 0 1 1
^Fs/2, ^Hg/2 801 40.420 4.020
"F7/2/ S 3/2 742 40.818 4.382
"F9/2 680 2.338 0.274
626 0.632 0.080
^Gs/ 2/ ^Gy/2 582 37.348 5.112
^Ki3/2, ^Gy/2, ^Gg/2 526 15.752 2.385
Ki5/2; ^Gg/2, {^D,^F)3/2, ^Gn/2 469 2.798 0.475
'Pl/2 430 0.173 0.032
^Ds/2, ^Ds/2 356 5.728 1.282
Table 3.3 Measured integrated absorption cross-sections (J a ( X ) . dX) and measured line 
strengths {SEDmeas) for each transition of Nd^^(dpa)3 derived from absorption measurements
using equation 3.9.
This set of experimentally determined line strengths [SEDmeas) are then compared to the 
Judd-Ofelt calculated line strengths (Sed calc) as given by equation 3.8 for the same transitions. 
Table 3.4 presents the values used to derive the calculated lines strengths (Sed caic)> where the 
values are the doubly reduced matrix elements as published by Carnall et al. Where more 
than one transition occurs for any given wavelength the corresponding matrix eiements 
are summed. Through iterative least squares fitting, the values of the calculated line strengths 
(Sed calc) are then manipulated to match those of the experimentally derived line strengths 
(Sed meas) adjusting the three phenomenoiogical parameters: Ü 2 / and Hg.
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Transition 2 i i 4 ,,6  Wavelength S e d  m eas  S s D c a ic
% I2 ^ S ' V ] '  Â (nm ) xlO'^° xlO'^°
"F3/2 0 . 0 0 0 0.229 0.055 872 1 . 0 1 1 0.869
^Fs/2, H^g/2 0 . 0 1 0 0.245 0.512 801 4.020 4.036
"F7/2/ S 7/2 0.001 0.045 0.660 742 4.382 4.567
"Fg/2 0.001 0.009 0.042 680 0.274 0.305
^Hii/2 0.000 0.003 0.010 626 0.080 0.077
^Gs/2, G^y/2 0.974 0.594 0.067 582 5.112 5.167
^Ki3/2, ^G7/2, ^Gg/2 0.066 0.218 0.127 526 2.385 1.567
K^i5/2/ ^Gg/2, ^D3/2, ^Gh /2 0.001 0.044 0.036 469 0.475 0.346
^Pl/2/ ^Ds/2 0.000 0.367 0.000 430 0.032 0.796
^Ds/2, "^ 05/2, ^Di/2 0.000 0.253 0.045 356 1.282 0.849
Table 3.4 Set of final calculated line strengths [Se d  caic) obtained using equation 3.8 for 
Nd^"^(dpa)3 where the phenomenological parameters take the values: ^ 2=3-52x10'^°,
^4=2.17x10'^° and ng=6.77xlO'^°.
The accuracy of the least-squares fit is calculated from the root mean square deviation of the 
calculated and measured oscillator strengths which is given by equation 3.10.
^Sftns
f Hised calc S E D m e a s )^ \^ ^  /o- i
= [ ----------------------  J
[Peacock87 1954, Sardar91 2003, Sardar92 2004, Wang93 2001] 
Where S e d  c a ic 's the calculated line strength for each transition (equation 3.8) and S e d  m eas is 
the derived measured line strength for each transition (equation 3.9), N j is the number of 
spectral bands analysed (i.e. the number of intra-atomic 4 /  — 4 /  transitions (J J ')  used) and 
Np is the number of the parameters sought (i.e. the three phenomenological parameters). 
Clearly N j must be greater than Np for any meaningful analysis to be undertaken.
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Once the Judd-Ofelt phenomenological parameters have been determined the emission line 
strength from the excited state to the ground state [Sed R adW -D ) is calculated using equation 
3.11.
SEDRaa(J'-J)= Y  (3 .1 1 )
A = 2 ,4 ,6
The Einstein coefficient A(J' / )  which gives the transition probability for any given 
relaxation J' can then be derived and is given by equation 3.12.
A ( J ' ^ n  =
4^2
3 /1 (2 / +  1)23
n
r r  -T 2 
3n Sed RadW'D 4- TL^Smp Ead(J'-D (3 .1 2 )
[SardarSl 2003, Sardar92 2004, Wang90 2001] 
SEDRad(J'-J) and S^DRadU'-J) are the electric and magnetic dipole line strengths and /  is 
the total angular momentum of the upper excited state. In 1945 Broer e t al [Broer84 1945] 
concluded that the magnetic dipole transition (MD) is only expected in exceptional 
circumstances and as such can be ignored in most cases, subsequently justified by 
experimental studies. The radiative lifetime (Zcaic) and branching ratio of any given
relaxation can be determined from AQ' J) and are given by equations 3.13 and 3.14  
respectively.
T^ calc —
-1
=
AQ'-.p
(3 .1 3 ), (3 .1 4 )
[SardarSl 2003, Sardar92 2004, Wang90 2001, W alshSl 2006]
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By comparing the radiative lifetime for any given transition calculated using equation 3.13 with 
that of the measured radiative lifetime, the quantum efficiency (PLQE \\c a ic )  ° f  a lanthanide 
ion can be calculated given by equation 3.15.
PLQE J]calc ~
^calc
(3 .1 5 )
[Serqueira93 2006, Wang90 2001]
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3.4. Hyper-Sensitive Transitions
As discussed up to this point the majority of intra-atomic 4 /  — 4 /  transitions in lanthanide 
ions are independent of the host environment of the ion. There are however, a small number 
of such lanthanide ion transitions that are found to depend significantly on the host 
environment. Comparing the intensity of these transitions between lanthanide ions in 
aqueous solution, which have a low symmetry environment, and fully coordinated complexed 
lanthanide ions, which have high symmetry, it is found that the intra-atomic 4 /  — 4 /  
transitions in coordinated ions are typically far more intense. These host dependant intra- 
atomic 4 /  — 4 /  transitions were coined ‘hypersensitive' by J0 rgensen and Judd in 1964 
[Jorgensen94 1964] and are characterised by large matrix elements. Jorgensen and Judd 
found that these hypersensitive transitions obeyed the selection rules for the matrix 
elements of |AL| <  2 and |AJ| <  2 where AS =  0 [Peacocks? 1954]. Table 3.5 lists the 
transitions in lanthanide ions limited to this study which are thought to be hypersensitive.
Lanthanide
ion
Intra-atomic 4 /  — 4 /  
transition
W avelength  
X (nm )
%  ^  'H4 1923
^Gs/2 -> l^g/2 578
^Fi1/2 "> ^Hi5/2 1299
Er'"
^H ii/2 -> ^li5/2 
^G ii/2 -> " l^l5/2
521
379
Table 3.5 Intra-atomic 4 /  — 4 /  transitions of trivalent lanthanide ions relevant to this thesis 
which are thought to be hypersensitive [Peacocks? 1954].
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3.5. Praseodymium a Special Case
As noted by Peacock the trivalent lanthanide ions of praseodymium (Pr^ )^ do not conform well 
to Judd-Ofelt theory "The phenomenological application o f the Judd-Ofelt theory works less 
well fo r complexes than those o f the other lanthanides" [Peacocks? 1954]. Upon the 
application of Judd-Ofelt theory large deviations are typically found between the experimental 
and calculated oscillator strengths, SEOmeas and SedcuIc respectively. This is especially true 
where hypersensitive transitions are involved such as those presented in table 3.5. Also for a 
high confidence in the calculated Judd-Ofelt parameters to be obtained it has been suggested 
that a minimum of five spectrally resolvable intra-atomic 4 / — 4 / transitions are required 
[Quimby95 1994]. In the case of Pr^^  it is often difficult to obtain this many, in this thesis a 
maximum of three were successfully resolved in the wavelength range available. The 
combination of these issues, specific to Pr^ "" typically results in large values upon fitting
of the Judd-Ofelt theory. In some cases negative 0.2 parameters have been calculated 
[Quimby95 1994, Medeiros96 1995], such results contradict the assumptions made in the 
formulation of the Judd-Ofelt theory [WalshSl 2006].
These irregularities when the Judd-Ofelt theory is applied to Pr^  ^ are usually attributed to the 
small energy difference (~6.2eV) between the two atomic orbitals of 4 / ” and 4 /^ ” “ ^^5d 
[WalshBl 2006, Goldner97 1996]. As such the assumptions made in the derivation of the  
Judd-Ofelt theory might not be met for all Pr^  ^transitions.
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3.6. Judd-Ofelt Validation
3.6.1 Phenomenological Parameters
The theoretical model used to obtain the Judd-Ofelt phenomenological parameters in this 
thesis was validated using papers published by Wang et al [Wang90 2001] and Sardar et a! 
[Sardar91 2003, Sardar92 2004]. In these works the authors present their caiculated Judd- 
Ofelt phenomenological parameters (% )  along with their measured integrated absorption 
cross-section [ f a . d X ) ,  mean wavelength (2 ) and derived oscillator strengths ( / )  for each 
transition. As such it is possible to re-calculate the Judd-Ofelt phenomenological parameters 
(ü;i) using our theoretical model and compare the outcomes of the two methods.
Wang et al [Wang90 2001] presented findings for Nd^  ^ ions in GdAl3(B03)4 crystal at room 
temperature using 10 intra-atomic 4 /  — 4 /  transitions, their published Judd-Ofelt 
phenomenological parameters (% )  and published root-mean-square deviation are presented 
in table 3.6 along with our re-caiculated values to the same precision.
Lanthanide  
Ion
W ang e t 0 / 3+
J. O p t  Soc. Am . 2001
O btained using m odel ^ ^ 3+
in this w ork
Table 3.6 Comparison of Judd-Ofelt phenomenological intensity parameters (H;i) and root 
mean square oscillator strength for Nd^'’ as derived using our model with those
published by Wang et al [Wang90 2001].
0 2 Q 4 Hg ASfms
{ x l0 ’^° {xlQ-"° ( x l0 '"° ( x l0 '^°
cm^) cm^) cm^) cm^)
1.89 2 .55 4 .95 0 .17
1.70 2 .29 4.45 0.15
90
3. Judd-Ofelt Theory
Similarly table 3.7 presents the parameters (% ) found by Sardar et al [Sardar92 2004] for Dy^* 
ions in Y3Sc2GasOi2 crystal at room temperature using 10 intra-atomic 4 /  — 4 /  transitions 
along with our re-calculated %  values to the same precision.
Ü 2 Hg ASfms
(xlO'^° (x lO -'° (xlO '"° (xlO '"°
cm^) cm^) cm^) cm^)
Lanthanide
Ion
Sardar e fo /  3* o . l3 4  0 .72 6  1 .061  0 .15 6
J. Luminescence 2 00 4
O btained using m odel 
in this w ork
Dy^ 0 .11 4  0 .663  0 .94 8  0 .138
Table 3.7 Comparison of Judd-Ofelt phenomenological intensity parameters (% )  and root 
mean square oscillator strength [ASj-ms) for Dy^  ^as derived using our model with those 
published by Sardar et al [Sardar92 2004].
Table 3.8 also presents the findings of Sardar et al [Sardar91 2003] this time for Er^  ^ ions in 
phosphate glass at room temperature (~300K) using 11 intra-atomic 4 /  — 4 /  transitions, and 
our re-calculated values to the same precision are also presented.
Lanthanide
Ion
O btained using m odel ^ o .97  1 .20  0 .1 0
fo r this w ork
Table 3.8 Comparison of Judd-Ofelt phenomenological intensity parameters (% )  and root 
mean square oscillator strength for Er^  ^as derived using our model with those
published by Sardar et al [Sardar91 2003].
Ù2 Q 4 Hg
(xlO '"° (x lO -'° (xlO '"° (x lO "°
cm^) cm^) cm^) cm^)
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A validation against the ion is not considered here due to the irregularities often observed 
upon the application of the Judd-Ofelt theory as discussed in section 3.5.
Comparing the Judd-Ofelt phenomenological intensity parameters presented in tables 3.6, 3.7 
and 3.8 it can clearly be seen that in each case the values obtained with the model used in this 
thesis closely match those which have been published by their respective authors. The largest 
deviation in the phenomenological parameters obtained by our model to those published (as 
presented above) is found in table 3.8 for Ü 2 of Er *^ where our model gave a result of 5.64 x 
10'^°cm^ compared to the published value of 6.28 xlO'^°cm^. It can be seen however that the 
quality of fit found here is better than that of those published, with our results of the root 
mean square (ASrms) being lower than the published values in every case with an average 
improvement of ~0.02 xlO'^°cm^. This gives us good confidence that our model accurately 
calculates the Judd-Ofelt phenomenological parameters for trivalent lanthanide ions (Ln^ )^.
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3.6.2 Calculated Radiative Lifetime
As well as validating our model against published Judd-Ofelt phenomenological intensity 
parameters validation was also sought from published values of calculated radiative 
emission lifetimes [jcaic)' The radiative lifetimes for Er *^ in phosphate glass at room 
temperature (300K) as published by Sardar et al are presented in table 3.9 along with our re­
calculated radiative lifetimes using the phenomenological intensity parameters (% )  and 
doubly reduced matrix elements presented by Sardar et al.
Calculated radiative 
state ( w )  (ms)
Sardar e tc / This thesis
\ z n 9 .96 8 .98
\ H 2 6 .14 5.53
% /2 7 .78 7 .02
% /2 0 .88 0 .79
'S 3/2 0 .56 0 .50
0 .12 0 .11
'F 7/2 0 .29 0 .27
6^ 9 /2 0 .19 0 .17
Table 3.9 Comparison of Judd-Ofelt radiative lifetimes {Tcaic) for Er^  ^as derived using our 
model with those published by Sardar et a! [Sardar912003].
From table 3.9 it can be seen that the theoretical model used in this thesis yields very similar 
results for Er *^ in phosphate glass to those published by Sardar et al. The lifetimes calculated 
using our model are found to be 0.32ms shorter on average than the values published.
In conclusion the Judd-Ofelt model used in this thesis has produced similar calculated lifetimes 
to those published and for the Judd-Ofelt phenomenological parameters presented in this 
section, proven to produce more accurate values to those published. Furthermore the validity
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of applying the Judd-Ofelt theory to organolanthanides comprised of dipicolinates of the form  
Ln^^{dpa)s has previously been demonstrated by Werts et al [Werts68  2002]. W e are therefore  
satisfied that our model is valid and can be used in the investigation of the organolanthanide 
complexes presented in this thesis.
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4.1. Introduction
To study energy transfer in organolanthanide systems it is necessary to determine the 
electronic properties of the organic ligand and the central lanthanide ion separately [CrosbySl 
1961] but also to study the effect of the ion on the ligand. The ion in organolanthanide 
complexes has an effect on the ligand properties via perturbations to the electronic states 
(HOMO/LUMO) and in increasing other intra-ligand mechanisms such as spin-orbit (L. S) 
coupling [Sager98 1965] and the 'heavy atom ' effect which promote intersystem crossing 
between the singlet and triplet sates of the organic components. To obtain optical properties 
which are representative of the organolanthanides it is therefore essential to characterise 
bound organic components of the same form (i.e. tripodal) where ligand-ligand interaction is 
fixed. As such the organic components need to be bound to an 'inactive' central ion whose 
lowest unoccupied atomic energy level is far higher than that of the singlet or triplet states of 
the ligands [Bhaumik99 1965], this removes the possibility of energy transfer (ET) into the ion 
as described in chapter 1. Gd^  ^ is commonly used to fulfil this task [Binnemans45 2005, Ma59  
2010, TobitalOO 1985, StrasserlOl 2004] as its lowest unoccupied 4 /  atomic energy level is 
found at 3.97eV [StrasserlOl 2004, Strasserl02 2003] as a result of the ionised 4 /  shell being 
exactly % full [Strasserl02 2003] and so cannot accept any energy transfer from the ligand's 
energy states of interest [Ma59 2010]. Transfer from highly excited singlet or triplet ligand 
states is possible however these states are very short lived giving such transfer an extremely  
low probability. As such the Gd^^(dpa)s complexes and their derivatives provide a route to 
investigate the optical properties of the organic components through ligand centred 
luminescence. The energy levels of the ligand singlet and triplet states can thus be deduced 
from the fluorescence and phosphorescence of the complexes.
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4.2. Absorption
Figure 4.1 presents the absorption spectra of the four complexes with their surrounding 
ligands of dipicolinic acid (dpa) and its derivatives, (chel, 4-CI and 3,5-Br). From previous 
chemical analysis performed by M. George [George73 2006] it was found that all of the Gd^  ^
complexes are fully coordinated by the ligands forming Gd^"^(ligand)3 except for that of 3,5-Br 
which forms Gd^^{3 ,5 -Br)2. As a result it is thought that the solvent molecules teah or residual 
water molecules complete the coordination requirement of 3,5-Br complex. In figure 4.1 an 
absorption edge at 285nm for Gd^^(dpa)3 is seen which then redshifts upon substitution of the 
pyridine ring 4-position with the order OFI > 4CI > H. Upon brominating the pyridine 3, 5- 
positions a further increase in the redshift is observed where 3,5-Br > OFI. The observed 
redshift of these ligand complexes was first reported by George et al [George16 2006] on 
similar complexes of Eu^ "", chapter 1 section 1.5, and has previously been attributed to a 
change in polarity of the complex [Weisstuch72 1968].
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Figure 4.1 Absorption spectra of complexes dissolved in methanol with surrounding 
ligands. Inset shows an expanded region from 270nm-360nm.
At higher energies a peak at ~205nm is seen for Gd^^(dpa)3 with a shoulder at ~230nm; the  
peak redshifts upon substitution with the order H < Cl < chel < Br to a maximum of 250nm. 
The high energy peak at ~205nm also becomes more intense upon ligand substitution with the 
order Br < H < chel < 4CI from ~5,000 I mol'^ cm'^ for Gd^^(3 ,5 -Br)3 to '"180,000 I mol'^ cm'^ for 
Gd'"(4-CI)3.
Alimova et al have previously reported the optical properties of the uncomplexed molecule 
pyridine 2,6-dicarboxylate (dpa) [Alimova56 2003]. They also reported very weak absorption 
in the 300-320nm region with an intense absorption peak at 270nm which was reported to be 
characteristic of a pyridine ring. The absorption spectra obtained from the complex of 
Gd^^(dpa)3 and its derivatives correlate well with that obtained by Alimova et a! where weak
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absorption was seen above 300nm with an absorption edge at 285nm. These absorption 
spectra also compare well with theoretical absorption predictions for dpa^ obtained by Xie et 
al using density functional theory [Xie57 2006]. Using this theoretical model Xie et a! found 
that the triplet state energies below the lowest singlet state energy at 298nm were at 318nm, 
352nm and 355nm. The -2 reduced form is used because upon bonding the tw o hydrogen 
atoms are lost which means that our complexes are typically -3 overall after taking into 
account the Ln^  ^ion hence the need for the 'counter Ions' to obtain charge neutrality.
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Figure 4.2 a ) Alimova et al [AlimovaSS 2003] absorption spectra of pyridine 2,6-dicarboxylate 
(dpa) b) Xie et al [Xie57 2006] absorption spectra of dpa^ calculated using basis sets; 6-3 IG  
{dotted line}, 6-31G(d,p) {dot-dashed line}, 6-311+G(d,p) {dashed line}, and 6 - and 6 -
311+G(2df,2pd) {solid line}.
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4.3. Photoluminescence
The photoluminescence spectra for the complexes dpa, chel, 4-CI and 3,5-Br when excited 
at BSlnm and 458nm are presented In figure 4.3 a ) and 6 )  respectively, which have been 
normalised to the maximum of the broad emission for each complex. Due to the absence of 
Intra-atomic 4 /  — 4 /  energy transitions In Gd^  ^ at these wavelengths (as discussed at the  
beginning of this chapter), the presence of photoluminescence Is therefore directly attributed  
to energy transitions within the ligands. It can be seen from the compiexed Gd^  ^ absorption 
spectra given In figure 4.1, that the excitation wavelengths used In the PL experiments are In 
the low energy absorption region for all the Gd^  ^complexes studied (I.e. very little absorption 
occurs above ~350nm). In the case of figure 4.3 a ), below ~390nm the spectra exhibit a high 
degree of noise due to the correction applied to remove the effect of an optical filter used as 
described In chapter 2. Similarly In figure 4.3 b) the sharp Increase In Intensity at ~495nm Is 
caused by the transmission edge of an optical filter.
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 G d ’ *(che l)j
- --  Gd’*(4-CI)3 
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Figure 4.3 Photoluminescence spectra of Gd^  ^complexes excited at a ) 351nm (~3.53eV) and
b) 458nm (~2.71eV).
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From Figure 4.3 à )  it can be seen that all four complexes display broad ligand centred 
emission peaking at ~420nm when excited at 351nm. This main peak redshifts slightly to 
~430nm upon the 4-position substitution of the pyridine ring with OH. This could be attributed 
to a decrease in electronegativity of the pyridine ring possibly leading to a lower energy 
symmetric n *  state. In the case of Gd^^(3 ,5 -Br)2 a second less intense peak in the low energy 
tail of its PL at ~510nm is also observed. On comparison of the PL of Gd^^(dpa)3 and Gd^^(4- 
Cl)3, which display similar absorption above 250nm, we can see that substitution of the 4- 
position with Cl results in less intense emission from the low energy tail. Substitution of the 4- 
position with OH however, enhances the intensity of the low energy tail compared to that of 
Gd^^(dpa)3. Further substitution of the 3, 5-positions reduces PL intensity in the low energy tail 
in the 430nm-500nm region, resulting in a second peak observed at ~510nm.
The spectrum of Gd^^(3,5-Br)z when excited at 351nm is best described by two Gaussian 
distributions as can be seen in figure 4.4, the results of which reveal peaks at 531nm (2.33eV) 
and 430nm (2.89eV). Due to the long pass filter affecting the spectra of Gd^^(dpa)3, Gd^"^{chel)3 
and Gd^^(4 -CI)3 at high energies, the fitting of Gaussian distributions to these spectra will not 
be accurate and as such is not justified. As the spectra obtained from Gd^^(3,5-Br)z excited at 
351nm exhibit a large redshift compared to those of Gd^^(dpa)3, Gd^^(chel)3 and Gd^^(4 -CI)3. 
The Gaussian peaks fitted to the spectra of Gd^^(3 ,5 -Br)2 can therefore be used as a good 
approximation of the lowest energy state of the electronic singlet and triplet manifolds of all 
the complexes reported in this study. In this way the effects of ISC due to the presence of a 
'heavy atom ' are accounted for and can be extrapolated to all Ln^* complexes as the atomic 
mass across the Ln series is similar.
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Figure 4.4 Photoluminescence spectrum of Gd^^(3 ,5 -Br)2 excited at 351 nm and the fit 
obtained using the two Gaussian peaks shown.
Figure 4.3 b) shows the PL spectra from the complexes Gd^^(dpa)s, Gd^'’{chel)3, Gd^''(4 -CI)3 and 
Gd^^(3 ,5 -Br)2 obtained when excited at 458nm. From the conclusions above, this excitation 
wavelength is well below that of the singlet energy level and on comparison with figure 4.1 we 
can again see that at this wavelength the complex has a very small absorption cross-section. 
As such the photoluminescence obtained is likely to be from the direct excitation of the triplet 
state which we believe to lie at ~430nm. The PL spectra presented in figure 4.3 b) display very 
similar characteristics with all the low energy tails extending from ~550nm to ~750nm. Here 
the notable exception is that of Gd^^(3 ,5 -Br)2 which shows a far less intense low energy tail 
with its low energy edge at ~700nm, this result is attributed to the incomplete ligand 
coordination where energy is lost to the coordinating solvent. As mentioned above a long-
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pass filter was used in the experiment which prevents the PL peak positions being accurately 
determined. The Gd^ "^ (3 ,5 -Br)2 complex has a large red-shifted photoluminescence peak, a 
redshift in the absorption is also seen which together indicate lower energy singlet states upon 
brominating the complex.
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4.4. Photoluminescence Excitation
The photoluminescence excitation (PLE) spectra of the four complexes are presented in 
figure 4.5. The emission, attributed to luminescence of the ligand, was measured at SSOnm 
which from figure 4.3 d) is seen to be in the low energy tail of its peak emission in the cases of 
Gd^^(dpa)3, Gd^" (^chel)3 and Gd^^(4 -CI)3 when excited at BSlnm. The spectra have been 
corrected for the pump intensity and the response of the detectors and then normalised to the 
PLE peak at 450nm and offset for clarity. The spectrally narrow intense PLE peaks at 275nm  
and BSSnm across all the PLE Gd^  ^spectra are attributed to experimental artefacts as the laser 
excitation power was very low at these wavelengths.
2.0
Gd'"(3,5 Br).
Gd'14-CI).
0.5 Gd'lchel).
Gd'ldpa).
0.0
500350 400 450300250
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Figure 4.5 Photoluminescence excitation of gadolinium and surrounding complexes, ligand
centred emission measured at SSOnm.
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The complexes Gd^^(dpa)3 and Gd^^(4 -CI)3 display the most similar PLE properties as they did in 
the PL experiments when excited at 458nm (figure 4.3 b)).  Both have clear PLE peaks at 
~250nm and again at 425nm, the results of figure 4.1 show these complexes have very low 
absorption at these wavelengths, therefore demonstrating an efficient absorption to emission 
process is taking place here. The two complexes differ slightly at ~300nm with Gd^^(4 -CI)3 
displaying a much broader PLE peak than that of Gd^^(dpa)3. The Gd^^(chel)3 complex 
demonstrates the least intense PLE across the spectrum measured. From figure 4.1 we can see 
strong absorption in Gd^^(chel)3 at ~210nm which is not translated to the PLE experiments. A 
broad peak at ~360nm is seen, however it is slightly obscured by the experimental artefact at 
355nm. In the case of Gd^^(3 ,5 -Br)2 the tail of an intense PLE peak can be seen with an edge at 
~400nm. The intense PLE peak here appears to have a maximum at ~500nm, however this 
cannot be confirmed due to potential leakage of excitation light into the detection system as 
the emission wavelength is approached. This is again in contrast to the absorption 
characteristics of the complex where very little absorption was found above ~350nm. This PLE 
peak however compliments the conclusions found from the photoluminescence spectra in 
section 4.3 indicating that at wavelengths between 400nm and at least SOOnm, direct 
excitation of the triplet state is occurring.
The PLE spectra of all four Gd^  ^complexes suggest that the states resulting in optical activation 
are not those that absorb the strongest. The strongest absorption states are therefore likely to 
have alternative pathways to relaxation rather than resulting in direct emission. This leads to 
less efficient ligand centred photoluminescence from these states. In the presence of Ln^* ions 
which have 4 /  atomic levels resonant with these energies, these strong absorbing states may 
allow efficient energy transfer into the metal ion and hence present pathways for efficient 
lanthanide sensitization.
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4.5. Photoluminescence Lifetime
Measurement of the photoluminescence lifetime of the ligand centred luminescence from the 
four Gd^  ^complexes provides a means to investigate the potential origin of the excited sates. 
As described in chapter 1 section 1.3.1, the transition from a singlet state to the ground state 
by the emission of a photon (fluorescence) does not involve a change in spin and so is a 
relatively fast process. The transition from a triplet state to a ground state (phosphorescence) 
involves a spin flip and so is quantum mechanically forbidden making it a slow process. The 
difference between these two processes thus provides a useful experimental technique for 
interpreting the mechanisms behind electronic transitions.
Figure 4.6 presents the radiative lifetime spectra of the four Gd^  ^ complexes in the solid state 
as measured at various wavelengths at room temperature approximately 298K. The Gd^  ^
complexes were excited at 420nm (2.95eV) and the radiative emission lifetimes were  
measured incrementally from 480nm (2.58eV) to 750nm (l.SSeV). As discussed above the 
lowest 4 /  energy state of Gd^ '" is found to be at 3.97eV [StrasserlOl 2004, Strasserl02 2003], 
as such the optical activity at the excitation and detection wavelengths studied is attributed to 
transitions within the organic ligands.
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Figure 4.6 Ligand centred radiative lifetime spectra of the four Gd^  ^complexes excited at
420nm with the emission measured incrementally from 480nm to 750nm a ) Gd^^(dpa)
complex, h)  complex Gd"'^(chel)3 c) complex Gd'" (^4 -CI)3 and d)  complex Gd^^(3,5-Br)
Figure 4.6 a)  presents the radiative lifetime emission spectra measured from Gd^^(dpa)3 where 
the system response was found to be ~2ns. Similar lifetimes are measured at each emission 
wavelength for each Gd^  ^ complex with the results ranging from a maximum of 10.7+0.Ins at 
SOOnm to a minimum of 9 .7+0.Ins at 750nm, table 4.1 presents the lifetimes for each emission 
wavelength. Figure 4.6 b)  presents the radiative lifetime emission spectra measured from  
Gd^^(chel)3. Similar lifetimes are again measured at each emission wavelength with the longest 
lifetime being 8 .3+0.Ins measured at SOOnm and the shortest lifetime being 7 .0+0.Ins  
measured at 7S0nm. Figure 4.6 c) presents the radiative lifetime emission spectra measured
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from Gd^^(4 -CI)3 complex with the longest lifetime being 8.6±0.1ns measured at SOOnm and 
the shortest lifetime being 7.2±0.1ns measured at 7S0nm. Finally figure 4.6 d)  presents the 
radiative lifetime emission spectra measured from Gd^ "^ (3 ,S-Br)2 with the iongest lifetime being 
8 .6+O.lns measured at SSOnm and the shortest lifetime being 7.7+O.lns measured at 480nm. 
The fuil range of lifetimes calculated in nanoseconds for each of the Gd^  ^ complexes are 
presented in table 4.1.
Lifetim e (t ) in nanoseconds (x lO 's )  to  an accuracy o f
± 0 .1 ns
Emission
W avelength
Gd^Xdp
480nm 10.3
SOOnm 10.7
SSOnm 10.7
600nm 10.4
6S0nm 1 0 .0
700nm 9.9
7S0nm 9.7
'ldpals Gd^ "(chel)3 Gd^ "{4-CI)3 Gd^ (^3,5-Br)2
7 .9  7 .7  7 .7
8.3  8 .6  8 .4
8 .1  8 .1  8 .6
8 .0  8 .1  8 .4
7.9  8 .1  8 .2
7 .4  7 .4  7.9
7 .0  7 .2  8 .0
Table 4.1 Ligand centred radiative lifetimes of gadolinium complexes measured at various
wavelengths.
From table 4.1 it can be seen that the measured radiative lifetimes of the Gd^"'(dpa)3 are longer 
than those measured for the Gd^^(chel)3 and Gd^^(4 -CI)3. This could indicate that the 
substitution of an 0-H  group or Ci onto the 4-position of the pyridine ring has enhanced the  
probability of non-radiative emission thus reducing the radiative lifetime. Comparing 
Gd^^(chel)3 with that of Gd^^(3,5-Br)z (i.e. the case of an 0-H  group on the 4-position with 
further substitution through brominating the 3,5-positions) the Gd^^(3 ,5 -Br)2 compiex typically 
displays longer radiative lifetimes than that of the Gd^" (^chel)3 complex, indicating that the  
addition of bromine reduces the non-radiative relaxation probability.
107
4. Gadolinium
From figure 4.6 and the resulting calculated lifetimes presented in table 4.1 we can see that 
the radiative lifetimes of each Gd^  ^ ligand only vary by a small amount across the emission 
wavelengths measured. This result implies that the radiative emission across all of the 
wavelengths measured originate from the same electronic state for each Gd^  ^ ligand molecule. 
The fact that the radiative lifetime of the brominated ligands is similar to the others supports 
the idea that there are no significant ligand-iigand interactions taking place.
From the large stokes shift observed between the ligand centred absorption and emission for 
all the Gd^  ^ complexes, and hence large energy gap between the absorbing and emitting 
states, suggests that the photoluminescence originates from the triplet state of the ligand. 
The nanosecond lifetime of the phosphorescence therefore indicates strong mixing of the  
singiet and triplet states via L.S. interaction. This indicates that inter-system crossing (ISC) will 
be highly probable and thus energy transfer from the ligands to the Ln *^ ion is likely to occur 
from the triplet state.
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5.1. Introduction
Trivalent praseodymium forms complexes with dipicolinic acid and its analogues similar to 
those of gadolinium discussed in chapters 1 and 4. Previous elemental studies carried out by 
M. George [George73 2005] have determined the ligand to metal ratio of these complexes 
which are referred to throughout this chapter.
5.2. Absorption
The absorption spectra of the organolanthanide complexes Pr^^(dpa)3, Pr^^(chel)3 and Pr^^(3,5- 
Br)i dissolved in solvent are presented in figure 5.1. The complex Pr^ (^4 -CI)3 was found to be 
insoluble in a wide range of solvents and so absorption measurements were not possible and 
hence are not presented. The spectra shown here are similar to those obtained for the Gd^  ^
series presented in chapter 4, with an absorption edge for Pr^^(dpa)3 found at ~285nm which 
then redshifts with ligand substitution in the order dpa < chei < 3,5-Br. The most notable 
difference between the spectra obtained for the Gd^  ^series and Pr^  ^ series is that of Pr ‘^"(3,5- 
Br)i which whilst still extending to ~360nm peaks at ~290nm rather than ~250nm. Shoulders 
in the Pr^^(3,5-Br)i are also clearly visible in the low energy tail at ~320nm and ~340nm. in the  
case of Pr^* the lowest energy intra-atomic 4 /  — 4 /  transition should occur at ~200nm  
[Carnall8 8  1968] which is within the optical absorption range of dpa and its analogues as seen 
from the study of Gd^  ^ in chapter 4. Previously however, authors have assigned absorption 
below 400nm in Pr^* complexes and salts as a ligand to lanthanide charge transfer (CT) process 
[Babail03 2005, Srivastaval04 2008, Dorenbosl05 2006].
In order to measure the absorption due to intra-atomic 4 /  — 4 /  transitions in the Pr^* ions, 
concentrated solutions were prepared and measured. The resulting spectra are presented in
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figure 5.1 b)  where the data for Pr^^(chel)s and Pr^^(3,5-Br)i have been offset for clarity. 
Several absorption peaks common to all the complexes are found which have been assigned to 
the excited 4 /  atomic levels due to the intra-atomic 4 /  — 4 /  transitions. The most prominent 
absorption is found for all the Pr^* complexes between ~435nm and ~500nm and can clearly be 
seen to consist of a triplet in the case of Pr^^(dpa)s (at the resolution used for these 
measurements), which broadens upon substitution in the order dpa < chel < 3,5-Br. The triplet 
peak is attributed to four intra-atomic 4 /  — 4 /  transitions, with two of the transitions 
spectrally unresolvable, in the Pr^* ion from the ground state of P^q (~481nm), ^Pi
(~469nm), l^e (~465nm) and -> (~444nm) [CarnallSB 1968, Dieke74 1963]. At ~600nm a
sharp doublet peak can be seen which is attributed to an intra-atomic transition of ^H4 
(~593nm). Again this peak broadens with the same order of substitution but also reduces in 
intensity. Below ~400nm ligand based absorption dominates the spectra and intra-band 
4 /  — 4 /  transitions can no longer be identified.
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Figure 5.1 Absorption spectra of the Pr^* complexes in DSMO except for Pr^^(chel)3 which is in 
H2O a ) UV absorption due to n  ^  n*  transitions in the ligand and b)  Vis-NIR absorption due 
to intra-atomic 4 /  — 4 /  transitions in Pr^  ^from the ^H4 ground state, final 4 /  quantum states 
for each transition are also presented. Pr^ (^4 -CI)3 was found to be insoluble in a wide variety of 
solvents hence its absorption spectra is not provided.
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Figure 5.2 presents absorption spectra in the NIR for Pr^^{dpa)s from SOOnm to llOOnm . Weak 
absorption can be seen at ~1015nm which is assigned to the 4 /  — 4 /  intra-atomic -> ^64 
transition. In the case of Pr^^(chel)3 only a very weak absorption peak at this wavelength was 
observed (comparable in intensity with the background noise) and in the case of Pr^^(3,5-Br)i 
no absorption peak was found; consistent with the findings of figure 5.1 b).  The decrease in 
absorption intensity observed for the complexes of Pr ‘^"(chel)3 and Pr^^(3,5-Br)i is attributed to 
the presence of an 0-H  group in both ligands interfering with the spectrum.
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Figure 5.2 Detailed NIR absorption spectrum of Pr^^(dpa)3 in DSMO due to intra-atomic 
4 /  — 4 /  transitions in Pr^* from the ^H4 ground state, final 4 /  quantum states for each intra-
atomic transition are also presented.
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5.3. Photoluminescence
The photoluminescence (PL) spectra of the four Pr^* complexes are presented in figure 5.3, 
with figure 5.3 a ) showing the spectral emission when excited at 351nm. The spectra have 
been normalised to the intensity peak at GOOnm and offset for clarity. From figure 5.1 b)  we 
can see that at ~351nm there is strong absorption from the ligand but no absorption due to 
intra-atomic 4 /  — 4 /  transitions in the Pr^^ confirmed by the 4 /  energy levels presented by 
Carnall [CarnalISS 1968] and Dieke [Dieke74 1963]. This indicates that only the ligand is 
directly excited by the laser at 351nm. All four complexes exhibit broad emission between 
390nm and 580nm peaking at ~420nm, similar to that observed for the Gd^  ^series (figure 4.3). 
In the case of Gd^  ^where no intra-atomic 4 /  — 4 /  transitions are available, the similarities in 
the broad emission measured for the Pr^* complexes indicate that the PL measured here is due 
to ligand centred emission. However, the differences in the ligand emission observed within 
the Gd^  ^ series at ~500nm, most notably where Gd^^(chel)g showed a substantial redshift to 
that of Gd^^(dpa)s and with Gd^^(3 ,5 -Br)2 also showing a second peak at ~510nm, are not seen 
in the photoluminescence of the Pr^^  series.
In figure 5.3 a )  absorption features in the broad emission spectra of Pr^^(chei)g, Pr^ (^4 -CI)3 and 
Pr^^(3,5-Br)i between 430nm and 500nm are attributed to excitation of the Pr^* intra-atomic 
energy transitions ^H4 -> ^Po,i,2 and ^H4 l^e, as seen in figure 5.1 b)  and discussed in section 
5.2. The PL seen at ~610nm and ~1020nm is ascribed to the transitions (^D2 ^H4, P^o -> ^He)
and ^G4 -> ^H4 respectively and could be sensitized by re-absorption of the complex directly 
into the Pr^  ^ ions. Some weak emission is also seen at ~985nm ascribed to the ^D2 -> p^4 
transition. Similar absorption features are not observed in the ligand PL of the Pr^^(dpa)3, and 
yet Pr^  ^emission is still observed and with increased intensity. This is strong evidence that the
112
5. Praseodymium
emission occurs due to energy transfer from the ligand into the Pr^* ion rather than re­
absorption of ligand PL The implications of this are discussed in more detail below.
Upon comparison of the relative emission strengths at GOOnm, a relative increase of 
approximately 5% is observed between Pr^^dpajg and Pr^^(3,5-Br)i with a similar decrease in 
the emission at 1020nm as can be seen from table 5.1. It can also be seen that there is an 
increase of approximately 5% in the relative strength of the emission between Pr^^(dpa)3 and 
Pr^^(3,5-Br)i at ~G00nm in comparison with that at ~1020nm. Inspection of table 5.1 suggests 
that emission at GOOnm precludes subsequent emission at 1020nm, this implies that the 
probability of radiative emission from the transitions of P^o and -> ^H4 has increased 
in these complexes despite the reduction in coordinated ligands in Pr^^(3,5-Br)i.
Rel. PL Intensity Rel. PL Intensity  
Com plex GOO nm 1020 nm
^0% ^ H 4, ^Pq ^ 6 4  ^H4
Pr^^(dpa)3 79.5%  20.5%
Pr^ (^chel)3 100.0% 0.0%
Pr^ (^4-CI)3 100.0% 0.0%
Pr^^(3,5-Br)i 84.5%  15.5%
Table 5.1 Relative intensity of the Pr^* complex emission excited at 351nm.
Figure 5.3 b) presents the PL spectra of the Pr^ + complexes when excited at 458nm, again the  
spectra have been normalised to the intensity peak at GOOnm and offset for clarity. From 
figure 5.1 b)  strong Pr^  ^ absorption near this wavelength can be seen via the intra-atomic 
4 /  — 4 /  transition of ^Hg \  which occurs at 455nm. As observed for the Gd^  ^ series, 
excitation of the ligand triplet state may also occur, evident from the broad emission at 
~5G0nm from Pr^" (^chel)3, Pr^ (^4 -CI)3 and Pr^^(3,5-Br)i seen in figure 5.3 b). Using the emission 
from the Pr^  ^ ions at ~G00nm and ~1020nm as a reference, it can be seen that the intensity of
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the broad emission increases significantly with ligand substitution in the order; dpa < chel <
3,5-Br < 4-CI. This increase is not associated with an increased absorption of the ligand at 
458nm as for instance Pr^^(3,5-Br)i exhibits strong ligand emission but from figure 5.1 we see 
that it exhibits lower absorption compared to that of Pr^^(chel)3. We therefore infer that 
strong energy transfer from the ligand to the Pr^* occurs in Pr^^(dpa)3 the strength of which 
decreases upon substitution with the order stated above. The change in energy transfer can 
be attributed to a higher triplet energy level in the case of Pr^^(dpa)3 which would favour 
coupling to the P^o 4 /  level via a Forster process (AJ=4) [Peacocks? 1954]. As the triplet 
energy reduces with substitution this coupling would then be reduced leading to an increase in 
the observed ligand emission. This is also reflected in the relative intensity of the Pr^* emission 
obtained from each complex when excited at 458nm, which decreases upon ligand 
substitution despite 458nm being able to directly excite the Pr^\
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Figure 5.3 Photoluminescence spectra of the Pr^* complexes excited at a ) 351nm (~3.53eV)
and b) 458nm (~2.71eV).
W e can use a similar argument to explain the apparent enhancement of the Pr^* emission of 
Pr^^(dpa)3 and Pr^"^(3,5-Br)i compared to Pr^^(chel)3 and Pr^ (^4 -CI)3 when excited at 351nm  
(figure 5.3 a )). In the case of Pr^" (^dpa)3 the singlet state will lie above the ^P2 4 /  energy level
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but be in close resonance in the case of Pr ‘^^ (3,5-Br)i. The close resonance of the latter will 
increase the efficiency of energy transfer from the ligand to the Pr^* (AJ=2 ) resulting in the 
increase of Pr^* emission. As discussed above in the case of Pr^^(dpa)3 it is the triplet state of 
the ligand which sensitizes the Pr^* rather than the singlet state. In the remaining complexes 
their singlet states lie too high to enable sensitization via the same ^Pi state whilst their triplet 
states lie too low with respect to the P^o level. This explains the significant reduction in Pr^* 
emission when excited at 351nm, in the complexes of Pr^^(chel)3 and Pr^ (^4 -CI)3 compared to 
that seen in Pr^^(dpa)3 and Pr^^(3,5-Br)i.
The inset of figure 5.3 b) shows a detailed PL spectrum of Pr^^(dpa)3 when excited at 458nm. 
The high spectral resolution allows clarification of the ascribed intra-atomic 4 /  — 4 /  radiative 
transitions which have previously been uncertain for some emission peaks. Figure 5.4 presents 
a diagrammatic 4 /  energy level structure of the Pr^* with radiative intra-atomic 4 /  — 4 /  
transitions assigned from the high resolution PL and the 4 /  energy levels presented by Carnall 
[Carnall8 8  1968]. As seen in figure 5.3 b)  and subsequently figure 5.4 the highest energy 
emission is seen at ~525nm due to the ^Pi -> ^Hs and is observed in the case of Pr^^(chel)3. The 
strong ligand emission at ~560nm observed from Pr^ (^4 -CI)3 and Pr^^(3,5-Br)i makes it difficult 
to confirm the presence of a similar transition in these complexes. Emission is observed at 
~670nm and ~865nm which could only originate from the ^Pi level, attributed to the  
transitions ^Pi -> p^3 and ^Pi -> ^64 respectively. Observation of PL originating from the ^Pi 
level is unexpected as fast non-radiative relaxation to the P^q level should dominate as can be 
seen from figure 5.4. Similar transitions from P^q would result in emission wavelengths of 
~705nm and ~926nm respectively. Additionally no such emission is observed when the 
complex is excited at 351nm indicating that radiative emission from the ^Pi level is only 
observed when excited directly at 458nm. In figure 5.3 b) emission from the P^q level to all the
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lower energy levels can be seen other than to that of P^o -> at ~480nm, this is due to the 
use of a long pass filter in the experiments which prevents any scattered laser light from being 
detected. A small peak is visible at ~495nm which could be related to such a transition though 
this cannot be confirmed. The emission observed from the ^Pi and P^q levels at ~8 6 6 nm and 
~926nm respectively is of particular significance as it populates the ^64 energy level which will 
be discussed below.
Emission originating from the ^Ü2 level is also observed, this state is most likely populated by 
non-radiative relaxation of higher levels which are only separated by a small energy gap. Here 
again emission to all lower lying energy levels is present, including to the ^64 which we believe 
has not been previously reported in organolanthanide complexes.
The results above confirm the presence of three radiative pathways leading to population of 
the ^64 level. The populated ^64 level then undergoes radiative relaxation to the ^h4 level 
emitting at ~1020nm as previously reported. W e also observe emission at ~1366nm due to 
the transition ^64 -> commonly used in lasing and optical amplifiers, again not reported for 
such complexes previously. The broad near infrared emission peaking at ~1470nm is ascribed 
to the p^4 ^H4 transition and the shoulder emission at ~1550nm ascribed to the ^H4
transition. The summed combination of these transitions creates a broad near infrared (NIR) 
emission which occupies the technologically significant range of ~1330nm to ~1600nm.
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Figure 5.4 Schematic energy level diagram of Pr^^(dpa)3 and radiative transitions observed 
when excited at 458nm as derived from the Inset of figure 5.3 b).
Whilst we have focused on the NIR emission obtained from Pr^^fdpajs In the above discussion 
we also observe similar PL from Pr^^(chel)3 and Pr^ (^4 -CI)3 as shown In figure 5.5. Each 
spectrum has been normalized to Its peak Intensity ~1430nm and offset for clarity. From 
figure 5.5 It can be seen that substituting the 4-posltlon of the pyridine ring reduces the 
emission Intensity which Is Indicated by a decrease In the signal to noise ratio of each 
spectrum. The reduction In signal Intensity takes the order dpa > chel > 3,5-Br > 4-CI where 
Pr^^(dpa)3 has the highest signal to noise ratio. It Is particularly Interesting that the emission of 
Pr^^(3,5-Br)i Is very similar In strength to that of Pr^^(chel)3 despite the former's remaining Pr^ + 
coordination requirements being satisfied by solvent molecules. This result Implies that non- 
radlatlve phonon-asslsted relaxation of the Pr^^  4 /  levels Is enhanced In the case of Pr^^(chel)3 
despite the coordination requirements being fully satisfied by the complex. Although the 
relative visible emission from the Pr^* reduces with ligand substitution In the case of Pr^^(3,5-
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Br)i under 458nm excitation, the NIR emission (e.g ~1020nm and ~1432nm) is not reduced 
by the same degree. The observation of emission from the ^Pi level, where fast relaxation to 
the P^o level would be expected, and emission from the p^4 and levels imply that such 
processes do not fully quench the emission. The emission obtained from Pr^ (^4 -CI)3 under 
458nm excitation is very weak in comparison to that of the other complexes. The cause of the 
PL intensity reduction is unclear but may be related to the difficulties of forming solutions of 
this complex as found in the UV-Vis-NIR absorption studies.
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Figure 5.5 The near infra-red emission (NIR) from the four Pr^* complexes when excited at 
458nm, with noted intra-atomic 4 /  — 4 /  transitions.
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5.4. Photoluminescence Excitation
Figure 5.6 presents the photoluminescence excitation (PLE) spectra of the Pr^* complex series 
which have been normalised to the PLE peak at ~600nm and offset for clarity. All four Pr^* 
complexes show relatively similar PLE spectra in the visible region between ~415 and 700nm. 
This correlates well with the Pr^* absorption spectra (figure 5.1 b)) with PLE peaks at 450nm, 
474nm, 488nm and SOOnm which were found to be resonant with the intra-atomic 4 /  — 4 /  
transitions of (^Hg -> ^?2, l^e)/ (^Hg ^PJ, (^Hg ¥q) and (^Hg 0^2) respectively. This proves 
that when the Pr^* ions are directly excited to higher energy states than those of the ^D2 or ^64 
levels, relaxation from these states occurs populating the ^D2 and ^64 levels and resulting in 
radiative emission from the ^D2 -> p^4 and ^64 -> ^H4 transitions. Interestingly in figure 5.6 the 
PLE peak at ~600nm has a higher relative intensity than the group of PLE peaks between 
~450nm and ~488nm. This is in contrast to the absorption spectra (figure 5.1 b)) where the 
peak at ~600nm had a lower relative intensity than the group of peaks between ~450nm and 
~488nm. This is attributed to the number of intra-atomic 4 /  — 4 /  transitions which are 
available when the ion is excited to higher 4 /  energy levels. As can be seen in figure 5.4, when 
the Pr^ "^  is excited directly into the 4 /  energy levels of ^Pz, I^g, ^Pi or P^q (450nm - 488nm) there 
are a number of allowed relaxation pathways, two of which result in the population of the ^64 
level. However, when the Pr^* is excited at ~600nm the ^D2 level is populated directly, 
radiative emission can then occur immediately from this state. Again a decrease in signal to 
noise ratio was observed with the same trend of dpa > chel > 3,5-Br > 4-CI as observed in the 
PL spectra in section 5.3.
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In the UV region the PLE spectra do not correlate quite so well with the absorption spectra 
(figure 5.1 a )). In the case of Pr^^(dpa)s a very broad peak with low intensity can be seen in the  
UV region from ~214nm to ~400nm, this is in contrast to the strong ligand absorption peak 
seen at ~270nm in figure 5.1 a ). The low intensity suggests that although energy transfer from  
the ligand to the Pr^* is taking place the efficiency of the process is low in the case of 
Pr^^(dpa)s. A similar spectra is observed for Pr^^(3,5-Br)i where a broad low intensity PLE peak 
is again seen, in contrast to the high intensity absorption peak centred at ~290nm with its 
absorption edge at ~360nm. The PLE of Pr^^(chel)3 shows a much stronger narrow peak 
centred at ~280nm which coincides with its main ligand absorption peak seen in figure 5.1 a ). 
The PLE peak seen here is higher in intensity than the peaks between ~450nm and ~488nm  
and therefore shows higher efficiency in its sensitization than the Pr^^(dpa)3 and Pr^^(3,5-Br)i. 
Again a broad peak in the PLE spectrum of Pr^ (^4 -CI)3 is seen between 214nm and ~400nm, 
however the low signal to noise ration suggests that the complex is very sensitive to the 
excitation energy. Figure 5.6 shows that for all complexes, the PLE peaks in the UV region are 
comparable in magnitude to the peaks found from directly exciting the Pr^\ This is in contrast 
to the absorption spectra (figure 5.1), where the ligand absorption was several orders of 
magnitude higher than that of the Pr^* ion. This suggests a low efficiency of energy transfer 
from the ligands into the Pr^  ^ ions.
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Figure 5.6 Photoluminescence excitation (PLE) spectra of the Pr^* complexes measured at the
emission wavelength of 1022nm, attributed to the intra-atomic 4 /  — 4 /  transitions
The apparent loss of intensity at ~355nm is due to low excitation power.
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5.5. Photoluminescence Lifetime
Comparing the photoluminescent lifetimes for each of the Ln *^ complexes gives us a clear 
indication into the non-radiative energy loss in the lanthanide complexes. The lifetime allows 
us to probe unwanted energy loss from emissive excited states, a longer lived state can be 
attributed to lower energy loss and a short lived state attributed to more energy loss as 
discussed in chapters 1 and 2. The following radiative intra-atomic 4 /  — 4 /  transitions of 
^Pi ^64 (~870nm), ^64 -> ^H4 (~1020nm) and p^4 -> ^H4 (~1480nm) were studied at room 
temperature for the powdered complexes of Pr "^ (^dpa)s, Pr^^(chel)3, Pr ‘^"(4 -CI)3 and Pr^"^(3,5-Br)i. 
The radiative lifetimes of the Pr^* complexes were not measured from the most prominent 
emission seen in figure 5.3 b)  at ~610nm due to the strong ligand emission at this wavelength 
in the cases of Pr^ (^4 -CI)3 and Pr^^(3,5-Br)i. In the following results all of the spectra have been 
normalised to the maximum measured PL intensity and offset for clarity. Each spectra has also 
been adjusted such that t =0  corresponds to the initial rise of the excitation pulse indicating 
that these complexes have a rise time of nanosecond order.
Figure 5.7 presents the radiative emission intensity with respect to time of the four Pr^* 
complexes as measured at 870nm corresponding to the ^Pi -> ^64 intra-atomic 4 /  — 4 /  
transition in Pr'*. At this radiative transition it can be seen that Pr^*(dpa)3 and Pr^*(chel)3 have 
luminescence decay transients which can be described using a single exponential function. In 
the cases of Pr^*(4 -CI)3 and Pr^*{3,5-Br)i however, the luminescence decay transients are 
described using bi-exponential functions. Upon analysis of these radiative decays it is found 
that Pr^*(dpa)3 has the longest radiative lifetime at ~69.4±0.5ns (single exponential) whilst the 
'slow' component of the Pr^*(3,5-Br)i lifetime at 58.4±0.5ns (bi-exponential). Pr^*(chel)3 is 
measured to have a lifetime of 42.5±0.5ns whilst the 'slow' component of Pr^*(4 -CI)3 lifetime is 
found to be a lifetime of 21.1±0.5ns (bi-exponential). The radiative lifetimes of the Pr^*
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complexes therefore take the order dpa > 3,5-Br > chel > 4-CI where Pr^^(dpa)s has the longest 
radiative emission.
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Figure 5.7 PL transient decay measurements for each of the Pr^* complexes measured at 
870nm due to the intra-atomic 4 /  — 4 /  transition ^Pi -> 6^4 , excited at 450nm.
The fast components of the Pr^ (^4 -CI)3 and Pr^'^(3,5-Br)i are attributed to ligand emission as 
they are only seen in the complexes which presented strong ligand centred emission in figure 
5.3 of section 5.3. The fast components of the Pr^ (^4 -Ci)3 and Pr^^(3,5-Br)i radiative lifetimes 
were found to be similar at 5.2±0.2ns and 4.4±0.2ns respectively as shown in table 5.2, this 
correlates well with the radiative lifetimes measured for the ligand emission presented in 
chapter 4.
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Complex
Radiative 
Lifetime Component (ns) 
870nm  
'P i  ^  'G 4 
T a s f 'Slow'
±0.2 ±0.5
Pr^*(dpa)3
Pr^*(chel)s
Pr^*(4-CI)3
Pr"*(3,5-Br)i
n/a
n/a
5.2
4.4
69.4
42.5 
21.2 
58.4
Table 5.2 Experimentally determined radiative lifetimes for the intra-atomic 4 /  — 4 /  
transition P^q -> ^64 measured at 870nm for Pr^^(dpa)3 and its analogues, excited at 450nm.
Figure 5.8 again presents the radiative emission intensity with respect to time of the Pr^ + 
complexes this time measured at 1 0 2 0 nm corresponding to the ^64 -> ^H4 intra-atomic 
4 /  — 4 /  transition in Pr^^ . Bi-exponential decays are now not observed for Pr^ (^4 -CI)3 and 
Pr^^(3,5-Br)i which is attributed to the absence of ligand emission at 1020nm. At this 
wavelength it is seen that the lifetimes of Pr ‘^"(dpa)3 and Pr^"^(3,5-Br)i are similar at 73.0±0.2ns 
and 57.5±0.2ns respectively followed by those of Pr^" (^chel)3 and Pr^ (^4 -CI)3 at 44.6±0.2ns and 
18.6±0.2ns respectively, as presented in table 5.3. These results compare well to those 
presented above for the 'slow' component of the transition P^q ^64 in table 5.2. This 
supports the above conclusion that the 'fast' component of radiative decay observed for the 
intra-atomic transition measured at 870nm is due to the weak ligand emission observed.
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Figure 5.8 PL transient decay measurements for each of the complexes measured at
1020nm due to the intra-atomic 4 /  — 4 /  transition ^64 excited at 450nm.
Finally figure 5.9 shows the photoluminescence lifetime of the Pr^* complexes emitting at 
1480nm corresponding to the intra-atomic 4 /  — 4 /  transition of -> 6^ 4 . Similar radiative 
lifetimes for each complex to those measured for the transitions ^64 ^H4 and P^o ^64
above are again observed for the transition ^Ü2 ^64 as presented in table 5.3. This indicates
that the Pr^ (^4 -CI)3 complex has the highest non-radiative energy loss via alternative pathways. 
This is attributed to a harmonic phonon energy of the C-CI group being resonant to that of the  
energy difference between ^Pi-^Po at ~0.1eV. Through the mechanisms mentioned in chapter 
1, this would lead to unwanted energy transfer away from the emissive state.
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Figure 5.9 PL transient decay measurements for each of the Pr^* complexes measured at 
1480nm due to the intra-atomic 4 /  — 4 /  transition -> 6^4 , excited at 450nm.
The experimentally derived radiative lifetimes from three spectrally distinct intra-band 
4 /  — 4 /  transitions are presented in table 5.3. It can be seen that the lifetimes for each of the 
three transitions are very similar for each molecule-based complex with standard deviations in 
the radiative lifetimes of 2.1ns, 1.5ns, 1.4ns and 0.7ns for the complexes Pr^^(dpa)3, Pr ‘^"(chel)3 , 
Pr^ (^4 -CI)3 and Pr^^(3,5-Br)i respectively. As each measured radiative transition originates from  
a different 4 /  energy level this suggests that the energy loss occurs at a higher energy level 
than that of the transitions that were measured.
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Radiative Radiative Radiative
Lifetime (ns) Lifetime (ns) Lifetime (ns)
Complex 870nm 1 0 2 0 nm 1480nm
"Pi ^  'G4 ^64 ^H4 ^64
±0.5ns ±0 .2 ns ±0.3ns
Pr^*(dpa)s 69.4 73.0 73.0
Pr""(chel)3 42.5 44.6 45.3
Pr^*(4-CI)3 2 1 .2 18.6 19.2
Pr^*(3,5-Br)i 58.4 57.5 57.0
Table 5.3 Experimentally calculated radiative lifetimes of the Pr^* complexes as calculated from  
the three main emitting states: 870nm (^Pi -> 6^ 4 ), 1020nm (^64 -> ^H4) and 1480nm
(^□2 -> 6^ 4 ).
From table 5.3 we can see the Pr^* complex which has the longest lifetime, observed for all the  
measured transitions, is where the 4-position of the pyridine ring is an H [Pr^^(dpa)s]. The 
lifetimes of the transitions then reduce upon substitution of the 4-position with the trend H > 
OH > Cl. Here chlorination of the 4-position reduces the radiative lifetime of the intra-atomic 
4 /  — 4 /  transitions. This is in contrast to the comparison between the similar complexes of 
Pr^^(chel)3 and Pr^^(3,5-Br)i here we have substituted the 3, 5 positions of the pyridine ring 
with Br where the 4-position of both complexes is 0-H . In doing so we can see that 
bromination increases the radiative lifetime of the 4 /  — 4 /  transitions and with Br > H.
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5.6. Photoluminescence Quantum Efficiency
The photoluminescence quantum efficiency (PLQE) of the organolanthanide complexes gives 
us further insight into the non-radiative energy losses from the 4 /  energy states of the Ln *^ ion 
due to ligand vibrational modes which can be tuned through substitution as described in 
chapter 1 .
Figure 5.10 presents the complete PL spectra used to determine the photoluminescence 
quantum efficiency (PLQE) of each Pr^* complex. In each case the axis of intensity has been 
corrected for photon energy as described in chapter 2, also the magnitude of the sample 
emission has been artificially increased for clarity by a factor of 2x1 0  ^ for all the Pr *^ 
complexes. In each spectra three intense laser peaks of varying intensity can be seen at 
458nm, although in all the experiments the laser excitation power remained constant, 
different laser intensities were measured from the integrating sphere. These differences in the  
laser intensity originate from the three experimental scenarios used to determine the PLQE: 
direct excitation of the sample, indirect excitation of the sample and where no sample was 
present, as described in chapter 2. For each Pr^  ^ complex, the measured laser intensity is 
lowest when directly exciting the sample due to sample absorption into the Pr^* complexes 
and hence a reduction in scattered laser energy within the sphere. The remaining two  
scenarios of indirect excitation of the sample and where no sample was present in the sphere 
show similar intensities for each Pr^* complex. This shows that the Pr^* complexes present 
very little absorption when excited indirectly which is an indication that the Pr^* complexes 
have a narrow absorption cross-section at this wavelength. Due to the weak radiative 
emission of the Pr^* complexes and the inability to detect 1 0 0 % of the sample emission, 
photoluminescence was only observed from the most intense radiative transitions at ~610nm  
(^ Po -> ^He) and ~1025nm (^64 ^H4). The emission spectra of the Pr^  ^ complexes have also
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been adjusted for the broad ligand emission which was treated as a background to the Pr^* 
emission.
In figure 5.10 a ) we can see that when excited directly the Pr^^(dpa)s presents the strongest 
photoluminescence (black continuous line) compared to the remaining Pr^* complexes 
presented in figures 5.10 b), c) and d).  After being increased by the factor 2x10^ (performed 
for all the Pr^* complexes) the photoluminescence peak in figure 5.10 a )  at ~610nm displays 
twice the intensity to that observed for the laser when no sample was present (blue dashed 
line). This is a far higher intensity than that measured for any of the other complexes 
suggesting that Pr^^(dpa)s has the highest PLQE among the Pr^* complexes. In the case of 
Pr^^(chel)s, figure 5.10 b), it can be seen that the intensity of Pr^* emission at ~610nm is almost 
at the same intensity as the measured laser intensity where no sample was present. From this 
result it appears that Pr "^ (^dpa)s has a higher PLQE than that of Pr^" (^chel)3, however a change in 
laser intensity for direct excitation of the sample is also observed, attributed to sample 
scattering and absorption. In the case of Pr^^(dpa)3 the laser intensity of direct excitation is 
measured to be ~0 .0 0 1  whereas in the case of Pr^^(chel)3 the intensity is found to be ~0 .0 0 2 . 
This result will have a significant influence on the calculated PLQE as from equation 2.20 in 
chapter 2 where the PLQE is defined as a ratio of the number of photons absorbed to the 
number of photons emitted for any given sample. The difference in laser intensities here show 
that approximately twice the number of photons are absorbed or scattered by the Pr^*(dpa)3 
complex compared to the Pr^^(chel)3 complex. Conversely we see that Pr^^(dpa)3 emits 
approximately twice the number of photons than that of Pr^" (^chel)3. W e might therefore  
predict that the PLQE of Pr^^(dpa)3 is similar to that of Pr^" (^chel)3.
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Figure 5.10 Spectra used to experimentally determine photoluminescence quantum efficiency 
(PLQE) of the complexes a ) Pr^^{dpa)s, h) Pr^" (^chel)3, c) Pr^ (^4 -CI)3 and d)  Pr^"^(3,5-Br)i excited
at 458nm.
Table 5.4 presents the photoluminescence quantum efficiency (PLQE) results for the Pr^ "" 
complexes as calculated using the integrating sphere method [de Mello77 1997] described in 
chapter 2 . Pr^^(chel)3 and Pr^^(dpa)3 are found to be the most efficient with efficiencies of 
66.79 xlO^ and 64.94 xlO^ respectively. These complexes are followed by the brominated 
Pr^^(3,5-Br)i complex which has an efficiency of 16.76 xlO^ and finally the least efficient 
complex was found to be the chlorinated Pr^ (^4 -CI)3 with an efficiency of 1.06 xlC®. The trend 
in efficiency of the complexes with ligand substitution is therefore found to be chel > dpa >
3,5-Br > 4-CI. W e can see that on substitution of the 4-position of the pyridine ring that the 
trend in PLQE is 0-H  > H > Cl and that brominating the 3,5 positions again results in a lower
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PLQE with the trend H > Br. This indicates that halogénation of the Pr^* complexes at both the 
4 and 3,5 positions enhances energy loss through non-radiative pathways.
Ln  ^Complex Efficiency rj (x l0 ‘®)
Pr^*(dpa)3 64.94
Pr^*(chel)3 66.79
Pr^*(4-CI)3 1.06
Pr^*(3,5-Br)i 16.76
Table 5.4 Experimentally determined photoluminescence quantum efficiencies of the Pr 
complexes using the integration sphere method described in chapter 2 .
3+
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5.7. Judd-Ofelt
Judd-Ofelt theory has been used to analyse the absorption spectra of Pr^ "‘(dpa)3, Pr^^(chel)3 and 
Pr^^(3,5-Br)i complexes to determine their oscillator strengths, emission probabilities and 
branching ratios as discussed in chapter 3. It was not possible to calculate the Judd-Ofelt 
parameters for all of the praseodymium complexes as the absorption spectra for Pr^ (^4 -CI)3 
could not be obtained. The Judd-Ofelt theory is known to encounter problems when dealing 
with praseodymium [Peacocks? 1954, WalshSl 2006] as discussed in section 3.5 of chapter 3. 
One such issue is the number of transitions which are included in the Judd-Ofelt analysis, due 
to the nature of Pr^* very few transitions are available and in the case of this analysis only two  
spectrally distinct transitions were observed for the complexes Pr '^^(chel)3 and Pr^^(3,5-Br)i. 
Three spectrally resolvable peaks were found for Pr^^(dpa)3 and hence presented below in 
table 5.5. An indication of these difficulties can be observed from the resulting small root 
mean square deviations (ASj.jns) between the calculated values as presented in table 5.6. 
Nonetheless we present a summary of such an analysis for the benefit of comparison to other 
published work though again emphasise that the validity of the modelling is questionable and 
as such the lifetimes calculated using Judd-Ofelt theory are not presented. Table 5.5 presents 
the absorption cross-sections as derived in chapter 3, with measured and calculated oscillator 
strengths for each intra-atomic 4 /  — 4 /  transition of Pr^*(dpa)3.
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Transitions W avelength J a ^ X ^ .d X ^E D m eas ^ E D ca lc
% /2 - > S 'L T (nm ) (X10'^°cm^)
(X10'^°cm) (X10'^°cm)
'G4 1018 1.64 0 .1 2 0 .52
596 10.98 1.32 1.32
"Po, 3pi, "le, "P2 449 42 .33 6.76 6 .76
Table 5.5 Measured absorption cross-sections ( /  o{X ) . dX), line strengths measured [SEDmeas)
and calculated [SEocaic) of Pr^^(dpa)3.
The resulting calculated Judd-Ofelt phenomenological parameters (% )  for the three Pr^ + 
complexes dpa, chel and 3,5-Br were calculated using the measured and calculated oscillator 
strengths through linear regression using equations 3.9 and 3.11 derived in chapter 3. 
Although not presented here the oscillator strengths of the remaining complexes of Pr^^(chel)3 
and Pr^^(3,5-Br)i were similar in order to those of Pr^"^(dpa)3. The resulting Judd-Ofelt 
phenomenological parameters (n^) are presented in table 5.6 for each of these complexes 
along with the root mean square deviation of the oscillator strengths as derived from
equation 3.10. Although an apparently accurate least squares fit was achieved for all three 
Pr^  ^complexes studied with values found to be in the order of 1x1 0 '^ ° cm^ in this study, 
it must be remembered that the Judd-Ofelt model is known to encounter problems upon 
application to Pr^^ As such we believe that these values are a substantial over estimate of the 
true accuracy of this theoretical fit.
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Com plex (x lO -'°
cm^)
(xlO'Zo
cm^)
Ü 6
(x lO -20
cm^)
^^rms
(x lO ’^° cm^
Pr^^(dpa)3 0 .90 7 .14 23 .0 4.12x'^^
Pr^*(chel)3 1 .0 0 8 .54 17.98 6.60x'^°
Pr^^(4-CI)3 n /a n /a n /a n /a
P r'"{3 ,5-B r)i 1 .0 0 21 .4 4 0 .41 8 .81x^°
Table 5.6 Judd-Ofelt phenomenological parameters and root mean square oscillator 
strengths {ASj..^s) calculated for the Pr^* organolanthanide complexes.
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5.8. Conclusions
In the case of the organolanthanide complexes, substituting the hydroxyl group onto the 
4-position of the dipicolinic acid forming the complex Pr^^(chel)s reduces the photoluminescent 
lifetime to approximately 60% of that measured for the Pr^^(dpa)s complex. This reduction in 
the photoluminescent lifetime suggests a significant increase in the efficiency of non-radiative 
relaxation of the excited 4 /  levels in the Pr^* ion. In contrast to this the measured 
photoluminescence quantum efficiency (PLQE) marginally increases upon the same 
substitution combined with a significant increase in the ligand sensitization. The results from  
the photoluminescent excitation (PLE) experiments show that the 0-H  substitution increases 
the sensitization of the ligand with the ligand PLE peak at ~295nm being higher in intensity 
than the PLE peak at ~450nm due to direct excitation of the Pr^* ion. Chlorinating the 4- 
position of the dipicolinic acid to form the complex Pr^^4 -CI)3 significantly reduces the 
photoluminescent lifetime to approximately 30% of the radiative lifetime measured for the 
Pr^^(dpa)3 complex again suggesting a significant increase in the efficiency of non-radiative 
relaxation of the excited 4 /  levels in the Pr^* ions. In the case of Pr^ (^4 -CI)3 however the 
reduction in lifetime is also accompanied by a significant reduction in the photoluminescence 
efficiency of approximately 1.5% of the PL efficiency of Pr^^(dpa)3. The PLE results for the  
chlorinated complex show a large increase in the ligand sensitization compared to that 
measured for both the Pr^^(dpa)3 and Pr^^(chel)3 complexes with the broad ligand based PLE 
peak in the ultra violet region seen to be more intense than the PLE peak due to direct 
excitation of the Pr^* at ~600nm. Brominating the 3 and 5 positions of the Pr^^(chel)3 complex 
to form Pr^^(3,5-Br)i increases the photoluminescent lifetime to approximately 130% of the  
photoluminescent lifetime measured for Pr^^(chel)3. The photoluminescent lifetime measured 
here however is still found to be less than that of the Pr^^(dpa)3 complex. In contrast the PLQE
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for Pr^^(3,5-Br)i is found to be approximately 25% of the PL efficiency measured for the 
Pr^^(chel)s and Pr^^dpajg complexes. The PLE for the brominated complex show a reduction in 
ligand sensitization.
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6.1. Absorption
The absorption spectra of the complexes Nd^‘"(dpa)3, Nd^"^(chel)3, Nd^^(4 -CI)3 and Nd^‘"(3,5-Br)i 
dissolved in solution are presented in figure 6.1. Again the high energy absorption presented 
in figure 6.1 a ) is attributed to the organic ligands. As seen previously with the Gd^  ^and Pr^  ^
all of the Nd^  ^complexes are fully coordinated except for that of 3,5-Br which forms Nd^‘"{3,5- 
Br)i. In the case of the Nd^  ^samples all four complexes show similar ligand absorption to that 
of the Gd^  ^ complexes with absorption edges for Nd^^(dpa)3 and Nd^ "^ (4 -CI)3 at approximately 
285nm, an absorption edge at approximately 310nm for the Nd^^(chel)3 complex and a broad 
absorption shoulder with an edge at approximately 340nm in the case of Nd^^(3,5-Br)i. In the 
case of Nd^^(3,5-Br)i the absorption at 320nm is weak compared to that seen for the complex 
Gd ‘^"(3 ,5 -Br)2. This reduction is attributed to the loss of a coordinated ligand i.e. Nd^"^(3,5-Br)i 
rather than Nd^^(3 ,5 -Br)2 which is in agreement with elemental analysis. A consistent 
absorption peak is seen at ~275nm for all the fully-coordinated complexes as was seen in the 
comparable Gd^  ^complexes. Again in the case of the brominated complex [Nd^'^(3,5-Br)i] the 
absorption is much weaker at this wavelength, reaching its maximum intensity below 260nm.
Figure 6.1 b)  presents the absorption spectra at lower energies (Vis-NIR), obtained from higher 
concentration solutions and shows absorption directly into the intra-atomic 4 /  states of the  
Nd^  ^ complexes. Between 300nm and 400nm the edge of the ligand absorption can be seen 
for all the complexes but is most notable in Nd^^(chel)3 and Nd^^(3,5-Br)i. Each absorption 
peak seen in figure 6 .1  b)  is attributed to transition associated with the excitation of electrons 
from the ground state of Nd^  ^with the spectroscopic assignment l^g/2.
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At approximately 350nm the presence of the "^ lg/2 -> "^ Ds/2 intra-atomic 4 /  -  4 /  transition
can be seen for the complexes Nd^^{dpa)3, Nd^^(chel)s and Nd^^(4 -CI)3, below this wavelength 
the strong ligand absorption edge dominates. In the case of Nd^"^(3,5-Br)i this intra-atomic 
4 /  — 4 /  transition cannot be seen due to the redshift in the ligand absorption. For all the Nd '^" 
complexes excitation at 351nm is therefore likely to excite both the ligand and Nd^  ^
simultaneously, however in the case of Nd^^(3,5-Br)i the dominant absorption will be due to 
the ligand.
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Figure 6.1 Absorption spectra of the Nd^  ^complexes in methanol except for Nd^^(chel)3 which 
is in H2O a ) UV absorption due t o n  ^  n *  transitions in the ligand and b)  Vis-NIR absorption 
due to intra-atomic 4 /  — 4 /  transitions in Nd^  ^from the l^g/2 ground state, final 4 /  quantum  
states for each transition are also presented.
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6.2 Photoluminescence
Figure 6.2 a )  presents the photoluminescence (PL) spectra of the four complexes when 
excited at 351nm, normalised to the emission peak at 1053nm and offset for clarity. 
Nd^^(dpa)3 demonstrates the strongest broad emission at approximately 425nm attributed to 
ligand emission, as the 3, 5 and 4-positions of the pyridine ring are substituted the relative 
intensity of the ligand emission decreases with the order dpa > chel > 3,5-Br > 4-CI. This is in 
contrast to the results expected from the conclusions of figure 6.1 b)  which showed Nd^*(3,5- 
Br)i to have the strongest ligand absorption. This implies that there is significant energy 
transfer from the organic ligand to the Nd^  ^ ion in the complex Nd^^(3,5-Br)i. Conversely 
Nd^^(dpa)3 which displays the strongest PL when excited at 351nm demonstrated very weak 
ligand absorption at this wavelength and instead showed stronger Nd^  ^absorption. The strong 
ligand PL here indicates that there is significantly less energy transfer from the organic ligand 
to the Nd^  ^ ion. In the case of Nd^^(dpa)3 re-absorption of the emission can be seen at 
approximately 525nm and 585nm corresponding to the energy transitions "^ Ig/z ‘^ ^7/2,
"^ Gg/2 and l^g/2 6^5 /2, 6^7/2 respectively. In the case of Nd^^(3,5-Br)i the apparent peaks at
~500nm and ~600nm are in fact due to strong re-absorption either side of these 'PL peaks'. 
Re-absorption of this form is seen in all of the rare earth complexes studied however generally 
the effects are less apparent than observed in the case of Nd^\ The spectrally narrow peaks 
seen at approximately 880nm and 1064nm are attributed to the well-known Nd^  ^ intra-atomic 
4 /  — 4 /  transitions "^ p3/2 -> "^ lg/2 and^F3/2 -> "^ ln/2 respectively.
Figure 6.2 b) presents the photoluminescence spectra of the four Nd^  ^ complexes when 
excited at 458nm, again normalised to the emission peak at 1053nm and offset for clarity. A 
broad emission peak is observed, this time at approximately 580nm. In contrast to figure 6.2
a ) where Nd^^(dpa)3 displayed the strongest PL emission, when excited at 458nm the Nd^"^(3,5-
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Br)i complex has the strongest relative emission decreasing with the ligand substitution order
3,5-Br > chel > 4-CI > dpa. Re-absorption of the emission at 580nm attributed to the intra- 
atomic transition "^ lg/2 -> 6^5 /2, 6^7/2 is again seen and is particularly strong in the brominated 
complex in agreement with figure 6.1 a ). Again the spectrally narrow peaks seen at 
approximately 880nm and 1064nm are attributed to the Nd^  ^ intra-atomic 4 /  — 4 /  transitions
of "^ p3/2 "^ l9/2 and "^ p3/2 -> "^ ln/2 respectively.
JV  kNd'(3,5-Br)
Nd'(4-CI
Nd'(3,5-Br).
Nd'14-CI)
Nd (chel)
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Figure 6.2 Photoluminescence spectra of the Nd^  ^complexes excited at a ) BSlnm (~3.53eV)
and b) 458nm (~2.71eV).
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7.3. Photoluminescence Excitation
Figure 6.3 presents the photoluminescence excitation (PLE) spectra of Nd^^(dpa)3, Nd^^(chel)3 
and Nd^^(4 -CI)3 complexes measured at 1060nm (^p3/2 -> \ i / 2) which have been normalised to 
the absorption peak at 580nm and offset for clarity. Unfortunately measurements on 
Nd^^(3,5-Br)i further to those of absorption and photoluminescence were unable to be 
performed due to the lack of available material. All three Nd^  ^ complexes show relatively 
similar PLE spectra with a broad peak in the UV region from approximately 214nm to 350nm. 
In the case of Nd^^(chel)3 this broad peak is centred in the middle of this PLE range at ~280nm. 
In contrast the same broad peak of Nd^^(dpa)3 appears to be a doublet peaking at ~250nm and 
295nm with similar intensity. Finally in the case of Nd^^(4 -CI)3 this broad peak appears similar 
in form to that of the doublet of Nd^^(dpa)3 however the intensity of the higher energy peak at 
~250nm is significantly weaker. On comparison of the results with the ligand absorption, 
figure 6.1 a ), we can see that the strong absorption present at ~275nm does not produce 
efficient photoluminescence from the complexes of Nd^^(dpa)3 and Nd^^(4 -CI)3. The results of 
Nd^^(chel)3 however do show evidence that the maximum PLE intensity due to ligand 
absorption at ~280nm also coincides with the peak absorption. The broad PLE peak seen in 
the UV region from all of the Nd^  ^complexes suggests that energy transfer from the ligand to  
the Nd^  ^ion takes place and is most efficient between 280nm and 300nm.
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Figure 6.3 Photoluminescence excitation (RLE) spectra of the complexes measured at the 
emission wavelength of lOGOnm, attributed to the intra-atomic 4 /  — 4 /  transition 
\ n 2, the apparent loss of intensity at ~355nm is due to low excitation power.
In the Vis and NIR the PLE spectra correlate with the absorption spectra presented in figure 6.1
b) with peaks at ~356nm, ~430nm, ~470nm, ~520nm, ~585nm, ~635nm and ~680nm  
comparing with intra-atomic 4 /  — 4 /  transitions of Nd^  ^which are presented in table 6.1. As 
expected this demonstrates that emission from the lanthanide is observed when excited 
directly.
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Transition Wavelength
l^g/2 S'L']' (nm)
"F9/2 680
^H ii/2 626
^Gs/2, ^67 /2  582
'K 13/2/ G 7/ 2/ G 9/2 526
^Ki5/2, 'G 9/ 2, ('D ,'F)3/2, "G ll /2 469
'P i /2 4 3 0
“D s /i ''D5/2 356
Table 6.1 Assigned intra-atomic 4 /  — 4 /  absorption transitions seen in figure 6.3 for the Nd^^
complexes.
It can be seen that the PLE peaks attributed to the ligand absorption are more intense than the 
PLE peaks attributed to direct excitation of the Nd^  ^ ion other than that seen at ~580nm. This 
suggests that exciting the ligand and promoting energy transfer into the Nd^  ^ ion is typically 
more efficient than exciting the Nd^  ^ion directly through intra-atomic 4 /  — 4 /  transitions.
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6.4. Photoluminescence Lifetime
The room temperature (~298K) photoluminescent lifetimes for the powdered complexes 
Nd^^{dpa)s, Nd^Xcheljg and Nd^^(4 -CI)3 were measured at 885nm (1.40eV) and 1060nm  
(1.17eV) and are presented in figures 6.4 and 6.5. In both cases the Nd^  ^ complexes were 
excited at 520nm (2.39eV) which is consistent with direct excitation of the Nd^  ^ ion. The 
results obtained here therefore give an indication into how the substitution of the 3, 5 and 4- 
positions of the pyridine affects non-radiative energy loss from the 4 /  atomic energy levels 
within the Nd^  ^ions.
Figure 6.4 presents the photoluminescence lifetime of the Nd^^(dpa)s, Nd^"^{chel)s and Nd^^(4- 
Cl)3 complexes at 885nm corresponding to the p^3/2 -> '‘I9/2 intra-atomic 4 /  — 4 /  transition in 
Nd^\ The spectra have been normalised to the maximum measured PL intensity and offset for 
clarity. Each spectra has also been adjusted such that t=0 corresponds to the initial rise of the 
excitation pulse (i.e. these complexes have a rise time in the order of a few nanoseconds). It 
can clearly be seen that the 885nm PL of Nd^^(chel)3 decays far more quickly than that of 
Nd^^(dpa)3 and Nd^^(4 -CI)3 complexes. Upon analysis a lifetime of 248.3±0.4ns (presented in 
table 6.2) was found for Nd^^(chel)3 compared to 591.6±0.4ns for Nd^^(dpa)3 and 615.8±0.4ns 
for Nd^^(4 -CI)3. The radiative lifetimes of the Nd^  ^ complexes therefore take the order 4-CI > 
dpa »  chel where 4-CI has the longest radiative emission. The short lifetime found for the  
Nd^^(chel)3 complex suggests the presence of alternative non-radiative relaxation pathways. 
This is attributed to energy loss from the p^3/2 4 /  energy level at ~1.42eV in Nd^  ^ which is 
closely matched to the 3"^  ^vibrational mode of 0-H  at 1.30eV as can be seen from figure 1.3 in 
chapter 1 .
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Figure 6.4 PL transient decay measurements for each of the complexes measured at 
SSSnm due to the intra-atomic 4 /  — 4 /  transition ^p3/2 -> \ / z ,  excited at 520nm.
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Figure 6.5 presents the photoluminescence lifetime of the Nd^'’(dpa)3, Nd^^(chel)3 and Nd^^(4- 
Cl)3 complexes measured at lOSOnm corresponding to the well-known intra-atomic 
"^ F3/2 ^\ii/2 4 /  -  4 /  transition of Nd^^ which is widely used for lasing. As with figure 6.4 the
spectra have been normalised to the maximum PL intensity and offset for clarity, with t=0 
corresponding to the initial rise due to laser excitation. The analysis of the lifetimes measured 
in figure 6.5 revealed similar lifetimes to those measured from figure 6.4 with lifetimes found 
to be 598.5±0.3ns for Nd^^(dpa)3, 250.4±0.3ns for Nd^^(chel)3 and 628.6±0.3ns for Nd^*(4 -CI)3.
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Time(ps)
Figure 6.5 PL transient decay measurements for each of the Nd^  ^complexes measured at 
1060nm due to the intra-atomic 4 /  — 4 /  transition '‘F3/2 -> ^ln/2, excited at 520nm.
The lifetimes calculated from both the intra-atomic 4 /  — 4 /  transitions investigated above are 
presented in table 6.2. As both of the radiative lifetimes measured originate from the same 4 /
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atomic energy state of there is strong evidence that the increased non-radiative energy 
losses observed for the Nd^^(chel)3 complex occur at or above the % /2  level. The results 
obtained here therefore demonstrate that halogenating the pyridine ring reduces non- 
radiative relaxation whilst the substitution of an 0-H  group increases the non-radiative loss.
Radiative Radiative
Lifetim e (ps) Lifetim e (|is)
Com plex 885nm lQ 60nm
^Fb/2 \ / 2 ^Fs/2 * l l l /2
±0 .4 ±0 .3
Nd^^(dpa)3 591 .6 598 .5
N d ^V h e l)3 248 .3 250 .4
Nd^*(4-CI)3 615 .8 628 .6
Nd^*(3,5-Br)i n /a n /a
Table 6.2 Experimentally determined radiative lifetimes of the intra-atomic 4 /  — 4 /  
transitions F^3/2 -> "^ lg/2 and ^F3/2 -> "^ ln/2 in the Nd^ "^  complexes measured at wavelengths of
885nm and lOSOnm respectively.
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6.5. Photoluminescence Quantum Efficiency
Figure 6 .6  presents the complete PL spectra used to determine the photoluminescence 
quantum efficiency (PLQE) of Nd^^(dpa)3, Nd^^(chel)3 and Nd^^(4 -CI)3, the data has been 
corrected for photon energy as discussed in chapter 2. Also the PL intensity of all the Nd^ "^  
complexes has been increased by 7 orders of magnitude to make them visible on the same 
scale as the measured laser intensity. The spectra presented in figure 6 .6  show the intense 
peak of the laser at approximately 514nm followed by the three main PL peaks of Nd^  ^due to 
intra-atomic 4 /  — 4 /  transitions at 880nm (^p3/2 -> '^ 19/2), 1064nm (^p3/2 "^111/2) and 1340nm
("^ F3/2 -> l^l3/2)>
From the intensity of the direct excitation laser spectra in figure 6 .6  it can be seen that 
Nd^^(dpa)3 absorbs the most strongly, showing the least intense peak at ~0.83xl0'^. This is 
followed by Nd^^(4 -CI)3 which shows a peak laser intensity of ~ 1 .0 1 x l0 '^  and finally Nd^^{chel)3 
shows the weakest absorption with a peak laser intensity of ~1.21xlO'^. Comparing the 
relative photoluminescence intensity after direct laser excitation of the samples show that 
Nd^^(dpa)3 presents the strongest emission with the 1060nm peaking at an intensity of 
6 .0 1 x l0 '\ This is followed by the emission of Nd^^(4 -CI)3 which is found to be 4.50x10 *^ and 
finally the peak photoluminescence of Nd^^(chel)3 is found to be the weakest at 1.55x10'^.
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Figure 6 .6  Spectra used to experimentally determine the photoluminescence quantum  
efficiency (PLQE) of the complexes a ) Nd^^(dpa)3, b) Nd^'^(chel)3 and c) Nd^^(4 -CI)3 excited at
514nm.
Table 6.3 presents the photoluminescence quantum efficiencies as calculated using the  
integration sphere method proposed by de Mello et al [de Mello77 1997] as discussed in 
chapter 2. The results here can be compared to those obtained from the radiative lifetime 
measurements, however the PLQE measurements make use of several intra-band transitions 
simultaneously.
It can be seen that the calculated PLQE of the Nd^^(chel)3 is by far the lowest with an efficiency 
of q = 0.174|Li compared to q = 0.536p for Nd^^(dpa)3 and q = 0.584|i for Nd^^(4 -CI)3. This 
compares well with the lifetimes measured in section 6.4 with the complexes taking the same 
order for the PLQE of 4-CI > dpa > chel where 4-CI has the highest PLQE. The results presented
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here support the theory of alternative non-radiative relaxation pathways which could be 
attributed to the presence of 0 -H  (1.30eV) or C-0 vibrational modes.
- 6 \Complex Efficiency q (x l0 ‘ )
Nd^*(dpa)3 0.536
Nd^*(chel)3 0.174
Nd^*(4-CI)3 0.584
Nd^*(3,5-Br)i n/a
Table 6.3 Experimentally determined photoluminescence quantum efficiencies of the Nd^* 
complexes using the integration sphere method.
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6.6. Judd-Ofelt
Judd-Ofelt theory was used to analyse the absorption spectra of Nd^^(dpa)s, Nd "^’(chel)3, 
Nd^^(4 -CI)3 and Nd^^(3,5-Br)i complexes to determine their oscillator strengths, emission 
probabilities and branching ratios. Figure 6.1 shows the optical absorption spectra of the four 
complexes studied. As described in chapter 3 the absorption peaks that correspond to 
transitions within the 4 /  orbital described by the quantum numbers In the case of Nd^  ^
these absorption transitions originate from the \ i 2 state. The absorption cross-section of each 
transition was then obtained from the absorption spectra by integrating each peak which 
corresponded to an intra-atomic transition. For Nd^^(dpa)3^ Nd^^(chel)3 and Nd^^(4 -Cl)3 ten such 
transitions were used, however only nine transitions were used in the analysis of Nd^^(3,5-Br)i 
due to the strong ligand absorption edge at ~360nm which obscured the intra-atomic 4 /  — 4 /  
transition at 356nm (as seen in figure 6.1 h)). Table 6.4 presents the absorption cross- 
sections, derived in chapter 2 , with measured and calculated oscillator strengths for each intra- 
atomic 4 /  — 4 /  transition of Nd^"^(dpa)3.
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Transition W avelength /  c r(A ). dÀ ^E D m eas ^ E D ca lc
(nm ) (X10'^°cm^) (X10'^°cm) (X10'^°cm)
872 11.063 1 .0 1 1 0 .869
^Fs/ 2, ^Hg/2 801 4 0 .4 2 0 4 .02 0 4 .03 6
"F7/2/ S 3/2 742 4 0 .8 18 4 .382 4 .56 7
"Fg/2 680 2 .338 0 .274 0 .305
^H i i /2 626 0 .632 0 .080 0 .07 7
^Gs/ 2, ^Gy/2 582 3 7 .348 5 .112 5 .167
^Ki3/ 2, ^67/2, ^Gg/2 526 15.752 2.385 1 .567
^Ki5/ 2, ^Gg/2, (^D,^F)b/2, "^Gh/2 469 2 .798 0 .475 0 .34 6
'P l/2 4 30 0 .173 0 .032 0 .79 6
'^□3/2, ^D5/2 356 5 .728 1.282 0 .849
Table 6.4 Measured absorption cross-sections ( f o{X ) . dX), line strengths measured i^EDm eas)
and calculated {SEOcaic) of Nd^^(dpa)s.
The Judd-Ofelt phenomenological parameters for each Nd^  ^complex were calculated from the 
measured and calculated oscillator strengths through linear regression using equations 3.9 and 
3.11 presented in chapter 3. Although not presented here the oscillator strengths of the 
remaining complexes were similar in order to those of the Nd^^(dpa)3 complex presented in 
table 6.4.
It can be seen that a good least squares fit was achieved for all the Judd-Ofelt 
phenomenological parameters with the largest root mean square oscillator strength (ASrms) 
for the Nd^  ^complexes found for Nd^^(3,5-Br)i, taking a value of 0.66 xlO"^° cm^.
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^ 2
(xlO'ZO
Q 4
(xlQ-zo
^ 6
(xlO'Zo
^^rms
(xlO'^°
cm^) cm^) cm^) cm^)
3.52 2 .17 6 .77 0 .436
4 .32 2 .14 7 .09 0 .45 4
3 .96 4 .19 7 .73 0 .343
8.05 2 .52 7 .87 0 .66 0
Com plex
Nd^^(dpa)3
N cflch eO s
Nd^*(4-CI)3
. i j 3 + / o  r  n - \
Table 6.5 Judd-Ofelt phenomenological parameters (% )  and root mean square oscillator 
strengths {AS-rms) calculated for the Nd^  ^organolanthanide complexes.
The Judd-Ofelt intensity parameters {ùx) found for the four Nd^  ^complexes compare well with 
the published values of other authors. Serqueira et ol found that in lead doped silicate glass 
(Si02 -Na2C0 3 -Pb0 -Zn0 ) the Judd-Ofelt intensity parameters of Nd^  ^ took the values 0 .2 = 3.66 
xlO'^° cm^ ^ 4  = 5.53 xlO'^° cm^ and = 2.73 xlO'^° cm^ [Serqueira93 2006]. Serqueria et al 
did not present a calculated root mean square value for these calculations or any line
strengths from which this value can be derived. Wang et al however demonstrated that the 
intensity parameters of Nd^  ^ in GdAl3(B03)4 crystal were 0.2  = 1.89 x 10'^° cm^ = 2.55 x 10'^° 
cm^ and 0^  = 4.95 x 10’ °^ cm^ with a ASj~fns of 0.17 x 10'^°cm^ [Wang90 2001].
Table 6 .6  presents the calculated radiative oscillator strengths {SEDRad)> transition 
probabilities {A) and the fluorescence branching ratios (Pcaic)» derived in chapter 3, obtained 
for the Nd^^(dpa)3 complex. From the quantities presented it can be seen that the most 
probable radiative transition is that of the intra-atomic 4 /  — 4 /  transition ^p3/2 -> ^ln/2 found 
at 1064nm. This compares well with the photoluminescence results in section 6.2 where the 
peak at ~1064nm was seen to be more intense than the peaks at ~880nm and ~1340nm.
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Transition W avelength E^DRad X 10 Branch Ratio
" F 3 /2 ^ 5 L ; (nm ) (cm^) A  (s-^) Pcalc
^F3/2 l^g/2 880 0 .8789 1 318 .8886 0 .15 80
^F3/2 -> "^ Ih /2 1064 3 .06 40 260 1 .2 2 63 0 .55 08
"^ F3/2 " l^i3/2 1340 1 .4333 6 09 .1570 0 .25 77
^F3/2 -> ^ll5/2 1880 0 .1862 28 .6538 0 .0335
Table 6 .6  Calculated emission line strengths {SEORad)» transition probabilities {A) and
branching ratios iPcaic) Nd^^dpajs.
Using the branching ratios iPcaic) presented in table 6 .6  the lifetime of the Nd^^(dpa)3 complex 
can be calculated using equation 3.14 presented in chapter 3. Similarly the lifetimes of the 
remaining complexes can also be calculated from their specific fluorescence branching ratios 
[Pcaic)’ Table 6.7 presents the results of the calculated radiative lifetimes {jcaic) for all the  
Nd^  ^ complexes alongside the experimentally measured radiative lifetimes {Tineas) 
presented in section 6.4 of this chapter. As the Judd-Ofelt theory does not account for any 
non-radiative energy loss within the complex, an ideal system, the lifetimes calculated [Tcaic) 
are typically far longer than those of the experimentally measured lifetimes (r^eas)-
Lifetim e Lifetim e
Com plex ^calc ^meas
ills) (ns)
Nd^^(dpa)3 2 19 .40 598 .5
Nd^"(chel)3 53 .05 250 .4
Nd^"(4-CI)3 4 1 .6 4 628 .2
Nd^^(3,5-Br)i 4 7 .1 6 n /a
Table 6.7 Comparison of radiative lifetimes calculated using Judd-Ofelt theory [Tcaic) arid 
experimentally measured lifetimes (Tmeas) for the Nd^  ^complexes.
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In the case of the complexes it is found that the radiative lifetimes calculated by the Judd- 
Ofelt theory {Zcaic) are found to be three orders of magnitude longer than those measured 
(Tmeas) as can be seen in table 6.7. Although a direct comparison of the calculated and 
measured radiative lifetimes cannot be made, the order of the radiative lifetimes between the 
complexes is still of interest. As previously discussed in section 6.4 the experimentally 
measured radiative lifetimes of the Nd^  ^complexes take the order 4-CI > dpa »  chel where 4- 
Cl has the longest radiative emission. In the case of the radiative lifetimes calculated using 
Judd-Ofelt theory, the Nd^  ^ complexes take the order dpa »  chel > 4-CI. The most notable 
difference here is that the Nd^^(4 -CI)3 has the shortest calculated radiative lifetime and the 
longest measured radiative lifetime. As the Judd-Ofelt theory does not account for the effects 
of non-radiative loss this is further evidence that halogénation of the complex reduces the 
non-radiative effects and increases the radiative lifetime. W e have therefore provided 
evidence that the basic Judd-Ofelt model is not good at predicting the effects of ligand 
substitution on the radiative lifetime.
A further comparison of the results obtained from the Judd-Ofelt model to the results 
obtained experimentally can be made by calculating the photoluminescence quantum  
efficiency (r\ca ic) using equation 3.15 from chapter 3. Table 6 .8  presents the Judd-Ofelt 
photoluminescence quantum efficiency (^caic) alongside the experimental photoluminescent 
quantum efficiency (q^eas)- As was found when calculating the radiative lifetimes, the  
calculated PLQE (r\ca ic) are again 4 orders of magnitude higher than the experimentally 
measured PLQE (r\m eas)- As previously presented the experimentally measured PLQE for the 
Nd^  ^ complexes took the order 4-CI > dpa »  chel. In contrast the Judd-Ofelt calculated QE 
reveal that the Nd^  ^complexes take the order 4-CI »  chel > dpa.
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Com plex
Efficiency
^calc
x io ^
Efficiency
^meas
XlO ^
Nd^^(dpa)g 2 .72 0 .536
Nd^*(chel)3 4 .72 0 .17 4
Nd^^(4-CI)3 15.09 0 .584
Nd^*(3,5-Br)i n /a n /a
Table 6 .8  Comparison of the calculated {r]caic =  and measured {r\meas)
T^ calc
photoluminescence quantum efficiencies (PLQE) for the Nd^  ^organolanthanide complexes
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6.6. Conclusions
For the addition of the 0-H  group on the 4-position of the dipicolinic acid Nd^^(chel)3 
significantly reduced the radiative lifetime compared to that of Nd^^(dpa)3 indicating an 
increase in non-radiative relaxation of the excited 4 /  states in Nd^^(chel)3, This result was 
confirmed by the PLQE measurements which showed that Nd^^(chel)3 had a lower PLQE than 
Nd^‘"(dpa)3. The results from the PLE however, showed that sensitization of the ligand was 
marginally increased upon the addition of the 0 -H  group to the dipicolinic acid. These results 
suggest that although the Nd "^’(chel)3 became more sensitized to ligand absorption the 
addition of the 0-H  group increased the amount of non-radiative energy loss from the excited 
4 /  states in the Nd^  ^ ion which led to an overall reduction in the effectiveness of the 
Nd^^(chel)3 complex to efficiently emit. Conversely chlorinating the 4-position of the dipicolinic
acid [Nd^^(4 -CI)3] was seen to marginally increase the lifetime compared to that of Nd^^(dpa)
A similar result was observed for the PLQE measurements which showed that the PLQE of 
Nd^ {^4 -CI)3 was higher than that of the original Nd^^(dpa)3. These results are combined with a 
small increase in the ligand sensitization of the Nd^  ^complex on the addition of the Cl as seen 
from the PLE spectra.
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7.1. Absorption
The absorption spectra of the complexes Dy^^(dpa)3, Dy^'’{chel)3, Dy^^(4-CI)i and Dy^ (^3 ,5 -Br)3 
dissolved in methanol are presented in figure 7.1 with figure 7.1 a ) showing absorption 
attributed to the organic ligands. The ligand absorption of the Dy^  ^ complexes are similar to 
those of the ligand absorption spectra already presented for all the Ln^  ^complexes with strong 
correlation to the absorption of the Gd^  ^ complexes studied in chapter 4. The most notable 
difference between the spectra of Dy^  ^ with those of Gd% Pr^* and Nd^  ^ complexes already 
presented, is the reduction in ligand absorption for the complex Dy^^(4-CI)i as seen in figure 
7.1 a ). This is most obviously seen in the difference in peak absorption intensity to that of 
Dy^^(dpa)3 at approximately 270nm compared to the same absorption peak in the Gd^ "" 
complexes. This has been directly attributed to the reduction in the ligand coordination of 
Dy^^(4-CI)i which was found in a previous study through elemental analysis by George et al 
[George73 2006] as discussed in chapter 1.
Figure 7.1 b) shows absorption directly into the 4 /  atomic states of the Dy^  ^ions. As was seen 
in the previous complexes, here there is a notable difference in the absorption intensity 
between that of the ligand (figure 7.1 a ))  and the direct excitation of the Ln^  ^ (figure 7.1 b)) 
with the molar extinction coefficient of the latter being three orders of magnitude lower. 
Again each absorption peak seen in figure 7.1 b) is attributed to transitions associated with the 
excitation of electrons from the ground state of Dy^  ^ with the quantum assignment ®Hi5/2. 
Here the tail of the ligand absorption is seen between ~300 and ~400nm for all the Dy^  ^
complexes.
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Figure 7.1 Absorption spectra of the complexes in methanol a )  UV absorption due to 
n  n *  transitions in the ligand and b) Vis-NIR absorption due to intra-atomic 4 /  — 4 /  
transitions in from the ^His/2 ground state, final 4 /  quantum states for each transition are
also presented.
Several sharp absorption lines attributed to intra-atomic 4 /  — 4 /  transitions are seen for the 
complexes Dy^" {^dpa)3, Dy^" (^chel)3 and Dy^ "^ (3 ,5 -Br)3 which are superimposed on the ligand 
absorption tail (e.g. at 389nm ^His/2 -> % / 2, "'lis/z). This suggests that it is possible to excite 
both the ligand and the Dy^  ^ ion simultaneously using UV excitation. These spectrally narrow  
peaks are shown in more detail for Dy^" (^dpa)3 in figure 7.2. Due to the abundance of closely 
spaced absorption peaks seen below ~400nm (above 3.10eV) it becomes difficult to precisely 
assign energy transitions due to intense overlap and mixing of the J states and variation in the 
energy level assignment between authors still exist. The absorption transition at ~1300nm  
(^Hi5/2 -> ®Hg/2, ^Fii/2) is known to be hypersensitive to the ion's immediate host environment 
[ChoiS 2005, VenkatarolOO 2009]. Despite this there appears to be no significant difference 
relative to the ^His/2 -> p^7/2 transition even when there is a lack of coordination in the case of 
the 4-CI complex.
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Figure 7.2 Detailed low energy absorption spectrum of the Dy^'^(dpa)3 complex showing final 
4 /  quantum states for each transition from the ground state of ^His/2.
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7.2. Photoluminescence
Figure 7.3 a ) presents the photoluminescence (PL) spectra of the complexes when excited 
at 351nm, which have been normalized to the emission at 574nm and offset for clarity. From 
figure 7.1 b) it can be seen that optical pumping at 351nm excites both the ligands and Dy^* 
ions directly which have an intra-band transition at 355nm (^Hi5/2 ¥ 5/2) as seen in figure 7.2.
A strong broad emission peak at ~410nm is observed in the Dy^^(3 ,5 -Br)3 complex which is 
attributed to ligand emission, much weaker emission is present in the spectra of Dy^^(4-CI)i. 
The difference in ligand emission intensities could be due to the enhanced ligand absorption at 
351nm observed for Dy^ (^3 ,5 -Br)3 in figure 7.1 a ). Four spectrally narrow peaks can be seen 
across the Dy^  ^series at: ~480nm, ~570nm, ~660nm and ~750nm, which are attributed to the 
intra-atomic 4 /  -  4 /  transitions: ("^ F9/2 -> ®Hi5/2), ('‘F9/2 ^  {% n  -> ^Hn/2) and ("^ F9/2 ^
^Fii/2; ^H9/2) respectively. The noise level in the figure 7.3 a ) gives an indication to the PLQE of 
the complexes which take the order Dy^^(dpa)3 = Dy^^(chel)3 > Dy^^(4-CI)i > Dy^ (^3 ,5 -Br)3 with  
Dy^ "^ (3 ,5 -Br)3 being the least efficient. A possible explanation for the PLQE order presented 
here is that halogénation of the ligand increases the non-radiative energy loss in the complex. 
Alternatively the halogenated complexes also present an apparent increase in ligand emission 
as observed in figure 7.3 d ), therefore the order in PLQE established above could be attributed  
to a reduction in energy transfer from the ligand into the Dy^ "". When excited at 351nm, no PL 
due to intra-atomic 4 /  — 4 /  transitions were observed for the Dy^  ^ complexes at longer 
wavelengths such as those presented in figure 7.4 due to 458nm excitation.
Figure 7.3 b) presents the PL of the powdered Dy^  ^complexes when excited at 458nm, again 
normalised to the emission at ~574nm and offset for clarity. At this energy the Dy^  ^ ion is 
directly excited through the transition of ^His/2 -> "^ Iib/2. The known Dy^  ^ emission peak at 
~480nm (^His/2) was not observed due to the use of a long pass filter to prevent the 458nm
161
7. Dysprosium
scattered laser light from being detected. From the \ s /2 state fast non-radiative relaxation 
should occur to the state as can be seen from figure 1.22. As excitation at 351nm and 
458nm excites the well above its main radiative state of % /2  it was expected that similar 
PL emission would be observed to that of figure 7.3 a ). Instead markedly different spectra are 
observed, in figure 7.3 b) a broad emission peak at 520nm attributed to ligand emission is 
observed in the Dy^ "’(4-CI)i and Dy ‘^"(3 ,5 -Br)3 complexes. This can be explained by comparing 
the relative energy position of the 4 /  energy state F^g/2 of the Dy^ "" ion to that of the predicted 
triplet energy state of the 3,5-Br ligand. From figure 1.22 it can be seen that the relative 
position of the predicted 3,5-Br triplet state energy (2.33eV) lies below the Dy^  ^ 4 /  energy 
level % /2  which would prevent energy transfer from the ligand into the Dy^  ^ ion. For the 
complexes Dy^^(dpa)s and Dy^" (^chel)3 excitation at 458nm may result in energy transfer from  
the triplet state of the ligand to the F^g/2 state resulting in a reduction in ligand emission as 
observed in figure 7.3 b).
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Figure 7.3 Photoluminescence spectra of the Dy^  ^complexes with noted final quantum states 
for the main emission transitions excited at a ) 351nm (~3.53eV) and b) 458nm (~2.71eV).
A low intensity peak in figure 7.3 h') can be seen at ~750nm as such a detailed low energy 
emission spectrum of Dy^^(dpa)3 when excited at 458nm is presented in figure 7.4. Several
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emission peaks resulting from a number of intra-atomic 4 /  — 4 /  transitions are seen in this 
more detailed view. All of the radiative transitions observed in figure 7.4 are attributed to an 
initial 4 /  energy level of "^ Fg/2 with the final 4 /  energy levels included in figure 7.4 above each 
associated emission peak. The narrow PL peak at ~1287nm seen for the Dy^^(dpa)3 complex is 
attributed to the intra-atomic 4 /  — 4 /  transition % /2  ^Fi/2 which is also observed from the
complexes Dy^^(chel)3 and Dy^^(4-CI)i. In the cases of Dy^^(dpa)3 and Dy^^(chel)3 a lower energy 
peak is seen at approximately 1350nm, this is attributed to the intra-atomic 4 /  — 4 /  transition
^Fi/2, ^Hg/2 ^Hi5/2.
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Figure 7.4 Detailed low energy photoluminescence spectrum of Dy^^(dpa)3 when excited at 
458nm with emission originating from the 4 /  energy level of ^ Fg/2, with final 4 /  energy levels
noted above each transition.
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Excitation of the ligands at 351nm should populate the singlet state of the ligand if its energy 
levels are as predicted in chapter 4. As discussed in chapter 1 ligand sensitized excitation of 
the Ln *^ ion typically occurs from the ligand's triplet state. Intersystem crossing (also discussed 
in chapter 1 ) is therefore required to transfer the energy from the singlet state to the triplet 
state of the ligand. As such the relatively low intensity of ligand emission seen in figure 7.3 a )  
compared to figure 7.3 b), suggests that energy transfer into the Dy^  ^ is able to occur directly 
from the predicted singlet state. This energy transfer route appears to be more efficient and is 
likely to be based on a Dexter process (|AJ| =  2) with transfer from the triplet state into the 
% /2  being much weaker (|AJ| =  3).
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7.3. Photoluminescence Excitation
Figure 7.5 presents the photoluminescence excitation (PLE) spectra of Dy^^(dpa)3, Dy^^(chel)3, 
Dy ‘^'(4-CI)i and Dy ‘^'(3 ,5 -Br)3 complexes measured at 574nm (% /2  normalised to the
PLE peak at 450nm and offset for clarity. All four Dy^  ^ complexes show similar PLE spectra to 
those observed for the Nd^  ^ complexes, studied in chapter 6, with a broad UV peak from 
approximately 214nm to 250nm. This correlates well with the hypothesis that the broad PLE 
peak in the UV region is due to ligand sensitized emission of the lanthanide ion. In the case of 
the Dy^^(dpa)3 and Dy^^(4-CI)i complexes a narrower UV peak can be seen in the UV region at 
~295nm. These narrower broad peaks closely match the peaks observed in figure 7.1 a ) at 
280nm for the same two complexes which were attributed to ligand absorption. The Dy^^(3,5- 
Br)3 complex shows a much sharper absorption peak at ~295nm, this suggests the existence of 
an intra-atomic 4 /  — 4 /  transition at this wavelength. A broad PLE peak from approximately 
214nm to 350nm with low intensity is also observed for Dy^^(3 ,5 -Br)3 suggesting that ligand 
sensitization is comparable to direct sensitization of the Dy^  ^ion in the case of the Dy^ (^3 ,5 -Br)3 
complex. The broad UV PLE peak seen for Dy^ (^3 ,5 -Br)3 is red-shifted compared to that of the 
other Dy^  ^ complexes with a PLE edge at ~350nm compared to ~320nm for the other 
complexes. This correlates well with the absorption data presented in figure 7.1 a )  where 
Dy^ (^3 ,5 -Br)3 also showed a red-shift in the ligand absorption compared to the other Dy^  ^
complexes. As the emission wavelength used to obtain the PLE was 574nm, it is possible that 
ligand centred emission as well as Ln^  ^centred emission was being detected (as can be seen in 
figures 7.3 a ) and b) where under 351nm and 458nm excitation the Dy^^(3 ,5 -Br)3 exhibited 
strong emission attributed to the ligand at 574nm). Figure 7.6 therefore presents additional 
PLE spectra measured at 750nm to prevent such possibility; from figure 7.3 it can be seen that 
negligible ligand emission is observed at this wavelength.
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Figure 7.5 Photoluminescence excitation (PLE) spectra of the complexes measured at the  
emission wavelength of 574nm, attributed to the intra-atomic 4 /  — 4 /  transition 
% /2  ^Hi3/2. The apparent loss of intensity at ~355nm is due to low excitation power.
In the visible region the PLE spectra correlate well with the absorption spectra presented in 
figures 7.1 b) and 7.2 with peaks at ~326nm, ~366nm, ~389nm, ~428nm, ~452nm and ~476nm  
matching the intra-atomic 4 /  — 4 /  transitions in Dy^ .^ The transitions all originate from the  
ground state of ®Hi5/2 with the assigned excited absorption states presented in table 7.1. As 
expected this demonstrates that emission from the lanthanide is generated when excited 
directly.
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Transition W avelength
^H15/2 -> S 'L 'J ' (nm )
"^ Fg/2 476
"lis/2 452
'G i i /2 4 2 8
^li3/2 389
®P7/2 366
®P3/2 326
Table 7.1 Assigned Intra-atomic 4 /  — 4 /  absorption transitions seen in figure 7.5 for the Dy^*
complexes.
Figure 7.6 presents the RLE spectra of Dy^" (^dpa)3, Dy^^(chel)3, Dy^'"(4-CI)i and Dy^^(3 ,5 -Br)3 
complexes, here the emission is measured at 750nm (^ Fg/2 -> ®Fn/2, F^g/2), normalised to the  
RLE peak at 450nm and offset for clarity. At this wavelength all the Dy^  ^ complexes display 
similar behaviour to that seen in figure 7.5. The most notable differences are the lack of the 
narrower broad peak in the UV region at ~295nm for the Dy^^(dpa)3 and Dy^^(4-CI)i complexes, 
along with the sharp absorption at 295nm for the Dy^^(3 ,5 -Br)3 complex. Also very intense RLE 
peaks at approximately 355nm and 375nm are now observed for all the Dy^ "" complexes which 
are attributed to the intra-atomic 4 /  — 4 /  transitions ^Hi5/2 ^Psn and ^His/2 ^R?/2 
respectively. The lack of UV RLE peaks could indicate that the spectrally narrower RLE peaks in 
the UV region observed in figure 7.5 could be due to ligand centred emission rather than Ln *^ 
sensitized emission as the excitation wavelength of 295nm matches the predicted energy level 
for the triplet state for the Gd^^(3 ,5 -Br)2 ligand. The existence of RLE peaks at approximately 
355nm and 375nm could be are attributed to experimental artefacts due to low excitation 
power at these wavelengths. From figure 7.6 for the complexes Dy^^(dpa)3, Dy^^(4-CI)i and 
Dy^ (^3 ,5 -Br)3 strong RLE peaks are observed at 336nm due to the transition ^Fg/2, this is
in contrast to the results of figure 7.5 where very little absorption was seen at this wavelength
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for this transition. This PLE peak at 336nm is particularly strong in the Dy^ "^ (3 ,5 -Br)3 complex. 
Dy^^(chel)3 demonstrates less emission at 336nm with stronger emission observed at 326nm  
due to the intra-atomic 4 /  -  4 /  transition ^  similar to that seen in figure 7.5. In 
figure 7.6, Dy ‘^"(chel)3 also shows strong emission at 336nm, this emission is seen to be very 
weak in the remaining Dy^  ^ complexes in contrast to that seen in figure 7.5. The broad PLE 
peak from approximately 214nm to 320nm which is seen in both figure 7.5 and figure 7.6 
however, is direct evidence for ligand sensitized lanthanide emission.
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Figure 7.6 Photoluminescence excitation (PLE) spectra of the Dy^  ^complexes measured at the  
emission wavelength of 750nm, attributed to the intra-atomic 4 /  — 4 /  transition
?^9/2 ^Fi1/2; ^Hg/2.
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Table 7.2 presents the transitions assigned to absorption states found from the PLE presented 
in figure 7.6. The notable difference between the similar table presented for figure 7.5 is the 
inclusion of the intra-atomic 4 /  — 4 /  transition ®Hi5/2 -> ^fs/2 at 336nm which was not 
prominent in figure 7.5 but can clearly be seen in figure 7.6.
Transition Wavelength
Hi5/2 S'L'J' (nm)
% /2 476
\ s / 2 452
^Gi i /2 428
"F7/2/ I 13/2 389
'P7/2 366
'F5/2 336
^Pb/2 326
Table 7.2 Assigned intra-atomic 4 /  — 4 /  absorption transitions seen in figure 7.6 for the Dy^^
complexes.
The relative intensities between the PLE peaks attributed to ligand sensitized emission and 
direct excitation of the Dy^  ^ ion seen in figures 7.5 and 7.6 give us an indication of the  
efficiency of the Dy^ "’ complexes. Dy^ (^3 ,5 -Br)3 appears to have the lowest sensitized efficiency 
as in both PLE spectra the peaks due to direct excitation of the Dy^  ^ ion were of similar 
magnitude to that of the sensitized emission. In figure 7.5, Dy^^(4-Cl)i presented a high 
relative intensity in the ligand sensitized emission compared to that of the direct Dy^  ^
excitation. In figure 7.6 however far less ligand sensitized emission is observed, this is 
attributed to the detection of ligand emission as seen in figure 7.5, these results indicate less 
energy transfer from the 4-CI ligand to the Dy^  ^ ion and hence a low sensitized efficiency for 
the Dy^^(4-CI)i complex. Dy^^(chel)3 displays very strong relative sensitization in both figures 
7.5 and 7.6 suggesting that it is the most efficiently sensitized em itter with the least non-
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radiative loss from the 4 /  energy levels in the Dy^  ^ ion. These findings give us an expected 
sensitized efficiency for the Dy^  ^complexes of chel > dpa > 4-CI > 3,5-Br > where Dy^^(chel)3 is 
the most efficient complex.
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7.4. Photoluminescence Lifetime
Figure 7.7 presents the room temperature (~298K) photoluminescence lifetimes of the 
powdered complexes Dy^^(dpa)3, Dy^^(chel)3, Dy^"^(4-CI)i and Dy^ "^ (3 ,5 -Br)3 measured at 574nm  
(2.1eV) corresponding to the intra-atomic 4 /  -  4 /  transition "^ Fg/2 -> ®Hi3/2 in Dy^\ The spectra 
have been normalised to their maximum PL intensity and offset in the time domain such that 
the rising edge is at t=0. The Dy^  ^complexes were excited at 520nm (2.39eV) and as such is a 
direct excitation of the Dy^  ^ ions. The lifetimes obtained therefore again give an indication to 
the non-radiative energy losses from the 4 /  energy levels in the Dy^ "^  ions with respect to the 4  
and 3,5 substitutions of the ligand.
From figure 7.7 extreme differences in radiative lifetimes between the different Dy^  ^
complexes is observed. The lifetimes vary by two orders of magnitude from 42.83±0.01ps as 
calculated for Dy^^(dpa)3, to 0.61±0.01p,s as calculated for Dy^ (^3 ,5 -Br)3. The experimentally 
derived lifetimes are presented in table 7.3 and take the order dpa > chel > 4-CI > 3,5-Br, 
similar to the PLE order presented in section 7.3 of this chapter. Here the shortened lifetimes 
of the 3,5-Br and 4-CI complexes suggest an extremely inefficient radiative process and are in 
stark contrast to the Nd^  ^ complexes where halogénation in the case of Nd^^(4 -CI)3 reduced 
non-radiative loss.
All of the Dy^  ^complexes display a bi-exponential decay with the inset of figure 7.7 showing an 
initial Tast' component on a sub l|is  timescale. It can be seen that the 'fast' component of 
each complex has a similar lifetime (presented in table 7.3) of ~10ns. Due to the short 
duration of this component and the unchanging nature across the four complexes, the 'fast' 
component has been attributed to ligand centred luminescence.
171
7. Dysprosium
4.5
4.0
3.5
3.0
TJ
Dy (chel),
0.5
D / ( d p a y
0.0
10050 150 2000
Time (ps)
Figure 7.7 PL transient decay measurements for each of the complexes measured at 
574nm due to the intra-atomic 4 /  -  4 /  transition % /2  ®Hi3/2, excited at 520nm.
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Table 7.3 presents the lifetimes calculated from figure 7.7 for both the long lived states and 
the inset which presents the 'fast' component.
Long Fast
Radiative Radiative
Complex Lifetime (ps) Lifetime (ns)
574nm 574nm
F^g/z -> ^Hi 3/2 F^g/2 ^Hi 3/2
±0.01 ±0.1
Dy^^(dpa)3 42.83 10.5
Dy^^(chel)3 33.26 10.9
Dy'"(4-CI)i 3.06 10.1
Dy^"(3,5-Br>3 0.61 9.8
Table 7.3 Experimentally derived radiative lifetimes of the intra-atomic 4 /  — 4 /  transitions 
"^ Fg/2 -> ®Hi3/2 in the complexes measured at 574nm.
By considering the results of the PLE and the photoluminescence lifetimes we can make 
predictions into the efficiency of the Dy^  ^ complexes. Dy^^(3 ,5 -Br)3 showed the least intense 
ligand PLE and also presented the shortest radiative lifetimes, we therefore predict that 
Dy ‘^"(3 ,5 -Br)3 will be the least efficient Dy^  ^complex. Dy ‘^'(4-CI)i showed relatively low ligand 
PLE peak intensities with the second shortest radiative lifetime, this should therefore result in 
the complex being the second least efficient Dy^  ^ complex. Dy^^(chel)3 showed the most 
intense ligand sensitized PLE and the second longest lifetime. Dy^^(dpa)3 showed the longest 
radiative lifetime but less ligand sensitized PLE. W e therefore predict the order of quantum  
efficiency for the Dy^  ^complexes to take the order dpa = chel > 4-CI > 3,5-Br, where Dy^^(3,5- 
Br)3 is the least efficient complex.
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7.5. Quantum Efficiency
Figure 7.8 presents the complete PL spectra taken at room temperature (~298K) used to 
determine the photoluminescence quantum efficiency PLQE for the complexes Dy^'^(dpa)3, 
Dy^^cheljs, Dy^^(4-CI)i and Dy^^(3 ,5 -Br)3. The axis of intensity has been corrected for photon 
energy as discussed in chapter 2 and the magnitude of sample emission for every peak has 
been increased for clarity, in all four figures the intense peak of the laser can be seen at 
458nm followed by four PL peaks due to the intra-atomic 4 /  — 4 /  transitions of Dy^  ^at 570nm  
(“Fs/a 'H 13/2), 660nm (“Fm "Hu,2), 750nm ('F„2 "H9/2, "Fn/2) and 840nm ("F,,; ^  "H7/2).
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Figure 7.8 Spectra used to experimentally determine the photoluminescence quantum  
efficiency (PLQE) of the complexes a ) Dy^^(dpa)3, b) Dy^^(chel)3, c) Dy^^(4-CI)i and d )  Dy^"^(3,5-
Br)3, excited at 458nm.
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Table 7.4 presents the photoluminescence quantum efficiencies as calculated using the 
integration sphere method proposed by de Mello et al [de Mello77 1997] as discussed in 
chapter 2. Again the results obtained from the PLQE can be directly compared to those 
obtained from the lifetime measurements, with the PLQE measurements making use of several 
intra-band transitions simultaneously.
A similar order of efficiency to that already predicted above is observed in table 7.4 with 
Dy^^{dpa)s and Dy^^(chel)3 having the highest efficiencies followed by the halogenated 
complexes Dy ^^(4-CI)i and finally Dy ^^ (3 ,5 -Br)3, hence the order chel > dpa > 4-CI> 3,5-Br is 
found here. The difference in the PLQE for Dy^^(dpa)3 and Dy^^(chel)3 appears to be due to the 
change in the measured intensity of the direct laser light for the two complexes (see figure 7.8 
a ), b)). The emission intensity of the four peaks is higher for Dy^^(dpa)3 than that of 
Dy^^(chel)3 as demonstrated at 570nm. In contrast the intensity of the laser line at 458nm is 
much lower for Dy^^(dpa)3 than that of Dy^^(chel)3. This could be due to additional absorption 
that does not lead to emission.
Dy *^(dpa)3 2.68
Dy^^(chel)3 4.06
Dy^*(4-CI)i 0.14
Dy^^(3,5-Br)3 0.01
Table 7.4 Experimentally determined photoluminescence quantum efficiencies of the Dy"* 
complexes using the integration sphere method described in chapter 2 .
175
7. Dysprosium
7.6. Judd-Ofeit
Judd-Ofeit theory was again used to analyse the absorption of the complexes and used to 
determine their oscillator strengths, emission probabilities and branching ratios. Figure 7.1 b) 
shows the optical absorption spectra and corresponding intra-atomic transitions. The 
absorption spectra were corrected for the presence of any ligand absorption and by 
integration the absorption cross-sections were obtained for each transition using the formula 
presented in chapter 3. Nine such transitions were used in the analysis of all the complexes 
with the exception of Dy^^{3,5-Br)s where only five transitions could be used due to intense 
ligand absorption masking the lanthanide transitions.
Table 7.5 presents the absorption cross-sections with associated oscillator strengths, 
measured and calculated, for each intra-atomic 4 /  — 4 /  transition of Dy ‘^^ (dpa)s. The line 
strengths introduced in chapter 3 were then calculated from the absorption cross-sections 
using equation 3.9.
Transition Wavelength J aÇÀ).dÀ. ^E D m eas ^E D  calc
l^g/2 S'L'J' (nm) (X1 0 '^°cm^) (X10'^°cm) (X1 0 '2°cn
'H 9/2, % i /2 1292 59.657 5.885 5.887
^Fg/2/ ^Hy/2 1 1 1 0 38.867 4.463 4.549
^Hs/ 2, ^Fy/2 915 24.563 3.421 3.356
'F5/2 807 9.092 1.436 1.464
'F3/2 757 2 . 0 1 1 0.338 0.259
"F9/2 476 0.498 0.133 0.136
l^l5/2 452 0.882 0.249 0.295
^G ii/2 428 0.187 0.056 0.036
^F7/2/ l^l3/2 389 2 . 8 8 8 0.946 0.406
Table 7.5 Measured absorption cross-sections ( /  cr(A). dÀ), line strengths measured [SEomeas)
and calculated {SedcuIc) of Dy^^(dpa)3.
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The measured line strengths are then used to obtain the Judd-Ofeit phenomenological 
parameters by solving equation 3.11. The Judd-Ofeit intensity phenomenological intensity 
parameters (% )  of the four Dy^  ^ complexes are presented in table 7.6, along with the root 
mean square deviation oscillator strength {AS^ms) of the least squares fit (as described in 
chapter 3).
The ASrms suggests that the least squares fit is relatively good for all of the complexes with the 
highest ASf~fns deviation being calculated for the Dy^^(dpa)3 at a value of 0.228. Although the 
ASrms suggests a good fit for the Judd-Ofeit theory there seems to be a large variation in the  
%  values, with 0.2 ranging from 0.66 to 7.18 between Dy^" (^chel)3 and Dy^ (^3 ,5 -Br)3. The large 
discrepancy in the ^ 2  values can be attributed to the uncertainties in accurately measuring the  
weak absorption bands [Sardar92 2004]. For Dy^ (^3 ,5 -Br)3 the weaker transitions were not 
used in the Judd-Ofeit calculation due to the intense ligand absorption as can be seen in figure 
7 .1 6 ).
Complex (xlO''°
cm^)
(XIO'ZO
cm^)
flô
(xlO'Zo
cnf)
^Sffns
(xlO-2°
cm^)
Dy^^(dpa)3 2.37 2.30 4.24 0.228
Oy^^(chel)3 0.66 2.74 3.56 0.180
Dy"(4-CI)i 1.13 1.41 1.17 0.056
Dy'*(3,5-Br)3 7.18 4.95 4.97 0.094
Table 7.6 Judd-Ofeit phenomenological parameters (H^) and root mean square oscillator 
strengths calculated for the Dy^  ^organolanthanide complexes.
Table 7.7 presents the lifetimes for the intra-atomic 4 /  — 4 /  transitions originating from the 
4 /  energy level of '^ Fg/2 for the Dy^  ^complexes as calculated by the Judd-Ofeit theory and the  
lifetimes which were measured in section 7.4 of this chapter. We can see that the lifetimes
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predicted by the Judd-Ofeit theory are several orders of magnitude longer than those 
measured experimentally. The Judd-Ofeit theory does not take into account many non- 
radiative phonon processes which are permitted at ~298K. To more accurately compare the 
predicted lifetimes with those measured the experimental values should be obtained when the 
sample is cooled to remove such processes. If we assume that cooling the samples will reduce 
the non-radiative losses in all the samples to the same degree then the relative duration of the 
calculated lifetimes can still be obtained. Judd-Ofeit theory predicts that the lifetimes should 
take the order 4-CI > chel > dpa > 3,5-Br where Dy^^(4-CI)i has the longest lifetime. This is in 
contrast to the measured lifetimes which take the order dpa > chel > 4-CI > 3,5-Br where 
Dy^^dpajg has the longest lifetime.
Lifetime Lifetime
Complex '^calc ^ m eas
(ms) ( i^s)
Dy^*(dpa)3 1.78 42.83
Dy"*(chel)3 2.35 33.26
Dy"(4-CI)i 5.11 3.06
Dy"'*(3,5-Br)3 1.08 0.61
Table 7.7 Comparison of radiative lifetimes calculated using Judd-Ofeit theory {Tcaic) and 
experimentally measured lifetimes {Tineas) for the Dy^  ^complexes for the intra-atomic
4 /  -  4 /  transition "^ Fg/2 -> SLJ.
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Table 7.8 presents the calculated Judd-Ofeit photoluminescence quantum efficiency (rjcaZc) as 
calculated from equation 3.15 alongside the experimental photoluminescent quantum  
efficiency (r|meas)- As reported above the experimentally measured PLQE (r|meas) for the Dy^  ^
complexes take the order chel > dpa > 4-CI > 3,5-Br, where Dy^ "’(chel)3 demonstrated the 
highest efficiency. In contrast the PLQE (ijcaic) calculated using the Judd-Ofeit lifetimes and 
experimental lifetimes take the order dpa > chel > 4-CI > 3,5-Br, where Dy^^(dpa)3 
demonstrated the highest efficiency. This result shows that the Judd-Ofeit theory can 
relatively successfully predict the quantum efficiencies for the Dy^  ^complexes presented here.
Com plex
Efficiency
TJcafc
XlO ^
Efficiency
^meas
XlO^
Dy’ *(dpa)3 24 .06 2 .6 8
Dy"*(chel)3 14.15 4 .06
D y " (4 -C I)i 0 .60 0 .14
Dy"*(3 ,5 -Br)3 0 .56 0 .0 1
Table 7.8 Comparison of the calculated (ricazc =  and measured (rirneas)
T^ calc
photoluminescence quantum efficiencies (PLQE) for the Dy^  ^organolanthanide complexes
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7.7. Conclusions
Ligand substitution significantly affects the excited state energy levels of the Dy^  ^ complexes. 
The addition of an 0-H  group on the 4-position of the dipicolinic acid [Dy^^fcheljs] significantly 
increases the photoluminescence quantum efficiency as is seen from direct measurements. 
The excited state duration however is reduced compared to that of the Dy^^(dpa)3, as such the 
overall effect of the substitution is not significant. Halogénation of the dipicolinic acid, Dy^^(4- 
Cl)i and Dy^ (^3 ,5 -Br)3, leads to a significant reduction in the ligand sensitization as evidenced 
by the PLE spectra. A reduction in the photoluminescence lifetime and photoluminescence 
quantum efficiency was also observed. This indicates that halogénation of the dipicolinic acid 
has a significant negative impact on the sensitization and PL efficiency of the Dy^  ^complexes. 
In the case of Dy^  ^the most efficient complex studied was found to be that of Dy^^(chel)3.
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8.1. Absorption
The absorption spectra for the complexes Er^^(dpa)3, Er^^(chel)3, Er^ (^4 -CI)3 and Er^^(3,5-Br)i are 
presented in figure 8.1. Here the ligand absorption presented in figure 8.1 a )  is markedly 
similar to the absorption of the Pr^* complexes presented in figure 5.1. in both cases the dpa 
complexes show an absorption edge at approximately 290nm, the chel complexes show an 
absorption edge at ~310nm and finally the 3,5-Br complexes both show absorption shoulders 
at ~340nm with the edge at ~360nm. Unfortunately due to the lack of absorption data for the 
Pr^ (^4 -CI)3 complex means that a comparison of the 4-CI complexes cannot be made. As seen 
previously with the complexes of Gd% Pr^  ^and Nd% the Er^  ^complexes are fully coordinated 
except for that of 3,5-Br which forms Er^^(3,5-Br)i.
Direct absorption into the 4 /  atomic states of the Er^  ^ ions are presented in figure 8.1 b), 
these spectra have been offset for clarity. Here the molar absorption coefficient is 3 orders of 
magnitude lower than that seen in the ligand absorption presented in figure 8.1 a ). There 
were no Er^  ^ intra-atomic 4 /  — 4 /  absorption transitions observed between 690nm and 
950nm, as a result this wavelength range has been omitted from figure 8.1 b) but is presented 
in figure 8.4 a ). Each absorption peak is attributed to intra-band transitions from the ground 
state of '^ li5/2 in Er *^ except for the intense ligand absorption edge seen between 350nm and 
400nm for the Er^ (^3 ,5 -Br)3 complex. The most notable difference between the four spectra 
presented for the Er^  ^complexes is the significant increase in the absorption of the Er ‘^"(4 -CI)3 
complex at ~380nm and ~525nm associated with the transitions "^ li5/2 ^Kis/2, ^Gg/2,
(^D,^F)3/2,'^Gii/2 and ^li5/2 "^ Fg/2 respectively. Both of these transitions have previously been
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reported as hypersensitive [KarrakerlO? 1968] which may account for the behaviour observed 
here.
15000
Er"(dpa) 
Ei '^(chel) 
- - -  Er"(4-CI) 
Er’*(3.5-Br),
Er(3.5-Br),
-r 1 0 0 0 0 -
Er"*(4-GI)
Er(chel)
260 280 300 320 340 360 380
Wavelength (nm)
500 600
Wavelength (nm)
Figure 8.1 Absorption spectra of the Er *^ complexes in DSMO except for Er^^(chel)3 which is in 
H2O a ) UV absorption due to n  transitions in the ligand and h') Vis-NIR absorption due to 
intra-atomic 4 /  — 4 /  transitions in Er *^ from the ^li5/2 ground state, final 4 /  quantum states
for each transition are also presented.
Figure 8.2 presents a more detailed absorption spectrum for Er^^(dpa)3, with the shortest 
observable intra-atomic 4 /  — 4 /  transition at a wavelength of ~356nm attributed to the 
transition "^ li5/2 -> ^Pi/2. From figure 8.2 it be seen that at 351nm the lanthanide absorption 
due to the intra-atomic transition of l^is/2 -> ^Pi/2 is relatively weak however from figure 8 .1  a )  
we can see that the ligand absorption is strong, especially in the cases of Er^ (^4 -CI)3 and 
Er^^(3,5-Br)i. At 458nm the opposite can be seen with weak ligand absorption for all the Er *^ 
complexes but strong Er^  ^ lanthanide absorption due to the intra-atomic transition 
l^l5/2 ^Gy/2.
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Figure 8 .2  Detailed low energy absorption spectrum o f Er^"^(dpa)3  complex showing final 4 /  
quantum  states fo r each transition from  the ground state o f "^115/2 .
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8.2. Photoluminescence
Upon excitation at 351nm ligand centred photoluminescence is observed as presented in 
figure 8.3 d), with the emission of Er^^(chel)3 being significantly stronger than that of the other 
Er^  ^complexes peaking at 460nm , as observed for Gd^^(chel)3. This is in contrast to what we 
might expect from the absorption spectra already reported (figure 8 .1 ) due to the stronger 
ligand absorption of Er^ "^ (4 -CI)3 and Er^^(3,5-Br)i. W e would expect that these complexes 
would have the strongest ligand emission, hence this provides an indication that energy 
transfer into the lanthanide is occurring. In figure 8.3 d), intra-atomic 4 /  — 4 /  Er *^ absorption 
can be seen in the broad ligand emission in the cases of Er^^(chel)3 and Er ‘^"(4 -CI)3 at ~490nm  
("^ li5/2 -> ^Hii/2) and ~520nm ('‘I15/2 -> "^ Fg/2). A smaller absorption at ~450nm is also apparent 
due to the transition '‘I15/2 -> 6^7 /2. The ligand emission for the Er^  ^ series is notably weaker 
than the Ln *^ complexes already reported in this thesis which indicates quenching of the 
singlet (and any triplet) emission via energy transfer to the Er^^ Despite the direct excitation 
of Er *^ at 351nm ("^ lis/2 -> ^Pi/2)/ energy transfer from the ligand to Er^* and absorption of ligand 
PL by the Er^ % only Er^^(chel)3 exhibits the characteristic NIR Er *^ emission at ~1550nm (' l^i3/2 
1^15/2)/ as seen in figure 8.4 b). This implies that non-radiative intra-atomic quenching or other 
relaxation processes are more dominant in the Er^^(dpa)3, Er^ (^4 -CI)3 and Er^^(3,5-Br)i 
complexes than the Er ‘^"(chel)3 complex. This is perhaps a counter intuitive result given that 
Er^^(chel)3 has an 0-H  group attached to the ligand which should increase non-radiative energy 
loss suggesting that back transfer from the Er *^ ion to the ligand is occurring. The singlet state 
energy level of the Er^"^(3,5-Br)i complex, predicted in chapter 4 from the Gd^^(3,5-Br)i, lies 
close to the 4 /  energy level p^3/2 of Er^* thus enabling energy transfer (|AJ| =  6 ) and reducing 
the ligand emission. Likewise for Er^" (^dpa)3, Er^ (^4 -CI)3 which lie close to the ^Hg/2 level, though 
with |AJ| =  3, transfer is in principle likely to be less efficient than via the "^ p3/2 level due to
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the previously discussed selection rules. The absorption edge of Er^^(chel)3 should therefore 
lie between these energy levels, as can be seen from the absorption edge of this ligand in 
figure 8.1 a ). This would account for the increase in ligand emission seen in figure 8.3 d) for 
the Er "^ (^chel)3 complex.
Figure 8.3 b) shows that each Er *^ complex exhibits strong emission from the intra-atomic 
transition l^is/2 \ s /2 (|AJ| =  1) at ~1530nm when excited directly at 458nm, in contrast to 
the results obtained when the Er *^ ion was indirectly excited at 351nm. The difference 
between the PL when excited at 351nm and 458nm supports that this could be due to energy 
back-transfer into the ligand triplet state upon 351nm excitation. For example figure 1.22 in 
chapter 1 shows that the triplet state of Er^^(3,5-Br)i (2.33eV) is likely to lie just below the 4 /  
energy level ^Hn/2 of Er *^ facilitating this. The Er^ + complexes Er^^(dpa)3, Er^^(chel)3, Er^ "^ (4 -CI)3 
and Er^^(3,5-Br)i show increasing ligand emission at ~540nm upon substitution in the order 
dpa < chel < 3,5-Br < 4-CI. The much weaker ligand emission of Er "^ (^dpa)3 indicates that energy 
transfer from the triplet state into the Er *^ via the 4 /  energy level F^3/2 in this complex is 
significant. If the dominant mechanism for the reduction in ligand emission of the Er^^(dpa)3 
complex as seen in figure 8.3 is that of energy transfer into the Er^ + ion. A similar effect would 
be expected for the other complexes into the 4 /  energy level of ^Hn/2 which is not strongly 
supported by the available data.
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Figure 8.3 Photoluminescence spectra of the Er *^ complexes excited at a ) 351nm (~3.53eV) 
and b) 458nm (~2.71eV) with the initial and final 4 /  quantum states noted for the main
emission transition.
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Figure 8.4 PL spectra of a )  the Er *^ complexes excited at 458 nm and b) the Er^^(chel)s complex 
excited at 351 nm with the initial and final 4 /  quantum states noted.
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8.3. Photoluminescence Excitation
Figure 8.5 presents the PLE spectra of the Er^ + complexes as measured at a photoluminescence 
wavelength of 1520nm which is attributed to the intra-atomic 4 /  — 4 /  transition \ ^ 2  -> l^is/2 
in Er^  ^ Each spectrum is normalised to the PLE peak at 650nm and offset for clarity. The loss 
of intensity between 350nm and 360nm for all the complexes is again attributed to the low 
excitation power available in this region. Er "^ (^dpa)3 presents a peak in the ultra-violet region of 
the PLE at ~300nm, this is consistent with the PLE spectra of Nd^^(dpa)s and Dy^" (^dpa)3 in figure 
6.3 and figure 7.5, however the same intense broad UV peak found in both aforementioned 
lanthanide complexes is not observed for Er^^(dpa)3. Instead a very weak broad UV peak is 
seen in the same wavelength range which has a maximum intensity approximately equivalent 
to that of the intra-atomic 4 /  — 4 /  transition seen for the Er *^ ion of the same complex at 
480nm. Er^^{chel)3 shows an intense broad peak in the UV region with a PLE edge at 300nm. 
In section 8.2 of this chapter Er^ (^4 -CI)3 was seen to be the only complex to exhibit emission 
from the intra-atomic 4 /  — 4 /  transition "^ li3/2 \ s /2 at 1520nm, when excited at 351nm, this
correlates well with the intense PLE peak seen at approximately 350nm. Although a gap in the 
wavelength range between 350nm and 360nm is present in figure 8.5 we can extrapolate the 
data either side of this wavelength range for each Er *^ complex and predict that in fact each 
complex is likely to emit at 1520nm if excited at 351nm at a high enough intensity. The PLE 
peaks in the UV region are typically lower in magnitude than the PLE peaks in the Vis region, 
this indicates that Er *^ complexes possess a low energy transfer efficiency from the ligand to  
the Lnf* ion. In figure 8.5 the broad UV peak for Er^ (^4 -CI)3 is seen to be very noisy in the UV 
region which is attributed to the effects of fluctuations in the Q-switch laser power on a highly 
sensitive energy transfer process.
187
8. Erbium
6 .5 -
6.0
5.5
5 .0 -  
3  4 .5 -
CD
4 .0 -  
1 3 .5 -  
£  3 .0 -
LJJ
_J 2.5
û.
2 .0 -
§
O
Z 1.5-
1.0 -
0.5-
0.0 -
300 350 400 450 500 550 600 650 700250
Wavelength (nm)
Figure 8.5 Photoluminescence excitation (PLE) spectre of the Er *^ complexes measured at the  
emission wavelength of 1520nm, attributed to the intra-atomic 4 /  — 4 /  transition \ - i /2 
\ s / 2- The apparent loss of intensity at ~355nm is due to low excitation power.
Again the PLE peaks in the visible region for all the Er^* correlate well with the intra-atomic 
4 /  — 4 /  transitions of Er *^ seen in the absorption spectra and are listed in table 8.4 (figure 8 .6  
shows the absorption transitions associated with each peak).
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Transition W avelength
ll5/2 S 'L 'J ' (nm )
^Fs/2/ ^Hg/2 652
'F 7/2/ S 3/2 542
"F9/2 523
^H ii/2 489
^Gs/2, ^G?/2 448
Table 8.1 Assigned intra-atomic 4 /  — 4 /  absorption transitions of the Er *^ complexes.
On close inspection of Er^^(3,5-Br)i a weak broad PLE peak in the UV region is observed, similar 
to that of Nd^^{chel)s and Dy^ '^ (3 ,5 -Br)3; presented in more detail in figure 8 .6 . Here it can be 
seen that the PLE peaks associated with direct excitation of the intra-atomic 4 /  — 4 /  
transitions are more intense than the broad UV PLE peak due to ligand excitation. This 
demonstrates that radiative emission from the lanthanide is more efficient when directly 
excited rather than indirectly excited through energy transfer from the ligand.
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Figure 8 .6  Photoluminescence excitation (PLE) spectra of the Er^^(3,5-Br)i complex measured 
at the emission wavelength of 1520nm, attributed to the intra-atomic 4 /  — 4 /  transition 
"^ li3/2 -> ^li5/2 with final 4 /  energy absorption states noted. The apparent loss of intensity at
~355nm is due to low excitation power.
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8.4. Photoluminescence Lifetime
The photoluminescence lifetime of the four Er *^ complexes measured at 1520nm (0.82eV) are 
presented in figure 8.7. The Er *^ ion in each complex was excited directly at 520nm (2.39eV) as 
verified from the PLE spectra in section 8.3 of this chapter. Again the lifetimes therefore give 
an indication on the non-radiative energy losses from the intra-atomic energy levels of the Er *^ 
ions on 4 and 3,5 ligand substitutions. The emission measured corresponds to the intra-atomic 
4 /  — 4 /  transition \ y 2 l^is/2 in Er^ .^ The spectra have been normalised to their maximum 
intensity and offset in the time component such that the rising edge is at t=0. In figure 8.7 it 
can clearly be seen that Er^ (^4 -CI)3 has the shortest radiative lifetime of all the Er^* complexes 
which was calculated to be 0 .2 1 0 ±0 .0 0 1 p,s suggesting that Er^ (^4 -CI)3 has the highest non- 
radiative energy loss. This is a surprising result as both the data from the PL in section 8.2 and 
the data from the PLE in section 8.3 suggest that the Er^ (^4 -CI)3 complex has the most efficient 
energy transfer from the ligand into the Er *^ ion of all the Er *^ complexes. From figure 8.7 the  
remaining complexes have longer radiative lifetimes ranging from approximately l| is  to 1.7[is 
and are presented in table 8 .2 .
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Figure 8.7 PL transient decay measurements for each of the Er^* complexes measured at 
1520nm due to the intra-atomic 4 /  — 4 /  transition ^li3/2 '‘I15/2, excited at 520nm.
Interestingly after presenting the least efficient ligand sensitization in figure 8.5, from figure
8.7 it is found that Er^^(3,5-Br)i has the longest radiative lifetime. This is evidence that the  
bromination is successful in reducing intra-atomic non-radiative relaxation but also reduces 
sensitization efficiency. Using the radiative lifetimes presented in table 8.2 we can see that the  
Er^  ^complexes studied here have a lifetime which reduces upon the ligand substitution in the 
order 3,5-Br > dpa > chel > 4-CI, where Er^ (^4 -CI)3 has the shortest radiative lifetime. The 
variation in the lifetimes observed here with values ranging from 1 .6 8 8 ±0 .0 0 1 |as to  
0 .2 1 0 ±0 .0 0 1 |ns demonstrates that the ligand plays a major role in the efficiency of non- 
radiative relaxation from the ion and as a result need to be carefully designed.
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Complex
Er^ *(dpa)3 
Er *^(chel)3 
Er ^ *(4-0)3 
Er^"(3,5-Br)i
Radiative 
Lifetime (|is) 
1520nm
" l l 3 / 2 ^ ' l l 5 / 2
±0.001
1.153
0.928
0.210
1.688
Table 8.2 Experimentally determined radiative lifetimes for the intra-atomic 4 /  -  4 /  
transition "^ li3/2 -> "^ li5/2 measured at 1520nm for Er^^(dpa)3 and its analogues, excited at 450nm.
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8.5. Quantum Efficiency
The PLQE of the Er^  ^complexes were not calculated as the radiative emission was found to be 
too weak to measure using the integrating sphere method. This puts an upper limit on the 
PLQE of r|<0.174 x 10 ® for all the Er^  ^complexes, this is the lowest efficiency measured in this 
work and was found for the complex Nd^^(chel)3. As in most of the previous lanthanide 
complexes studied in this paper the quantum efficiencies of each complex have followed a 
similar order as the measured photoluminescence lifetimes. W e therefore predict the order of 
the PLQE for the Er *^ complexes to be 3,5-Br > dpa > chel > 4-CI, where Er^ (^4 -CI)3 is the least 
efficient complex.
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8.6. Judd-Ofeit
Judd-Ofelt theory was again used to analyse the absorption of the complexes, their oscillator 
strengths, emission probabilities and branching ratios were determined. Figure 8.1 b') shows 
the optical absorption spectra and corresponding intra-atomic 4 /  — 4 /  transitions. The 
absorption spectrum for each Er *^ complex was corrected for ligand absorption and using 
equation 2.19 the spectral absorption cross-section (a) was calculated, as presented in figure
8 .8  for the complex Er^^(dpa)3. Integrating each peak in figure 8 .8  corresponding to intra- 
atomic 4 /  — 4 /  transitions of the Er *^ ion of Er^^(dpa)3 gives the measured integrated 
absorption cross-sections. Nine intra-atomic 4 /  — 4 /  transitions in the Er^* ions were  
resolvable and hence used in the analysis of all the Er^* complexes with the exception of 
Er^^(3,5-Br)i, here only seven transitions were resolvable due to intense ligand absorption 
masking the intra-atomic transitions in the Er^  ^ ion.
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Figure 8 .8  Absorption cross-section adjusted for ligand absorption of Er^" (^dpa)3 in DSMO used 
to calculate the line strengths {SEomeas) and Judd-Ofelt intensity parameters (% )  presented in
table 8.3.
Table 8.3 presents the integrated absorption cross-sections measured from figure 8 .8  with 
associated oscillator strengths, measured and calculated, for each intra-atomic 4 /  — 4 /  
transition for the Er^^(dpa)s complex. As with the previous complexes the Judd-Ofelt 
phenomenological parameters (% )  introduced in chapter 3 were then calculated from these 
oscillator strengths using equations 3.9 and 3.11. For Er^^(dpa)3, Er^^(chel)3 and Er^ (^4 -CI)3 nine 
such transitions were used, however only eight transitions were used in the analysis of 
Er^^(3,5-Br)i due to the strong ligand absorption edge at ~390nm which obscured the intra- 
atomic 4 /  — 4 /  transitions below this wavelength (as seen in figure 8.1 b)).
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Transition Wavelength /  a ( X ) . dÀ ^ E D m eas ^ E D c a lc
\ s / 2 ^ S ' L r (nm) (X10'^°cm^) (X10'^°cm) (X10'^°cm)
% 2 970 5.340 0.701 0.679
^h /2 ,  ^Hg/2 652 5.932 1.160 1.116
"F7/2/ S 3/2 542 1.643 0.386 0.325
"F9/2 523 10.961 2.671 2.947
489 3.821 0.996 1.041
^Gs/2, ^Gy/2 448 1.968 0.560 0.515
^Ki3/ 2, ^67/2, ^Gg/2 407 0.935 0.293 0.347
K15/2, ^Gg/2, (^ D, ^F)3/ 2, ^G ii/2 379 11.912 4.006 3.791
^Pl/2 365 2.010 0.702 0.758
Table 8.3 Measured absorption cross-sections (J o-(A ). dÀ) and line strengths measured 
{SEDmeas) and Calculated {SedcuIc) of Er^^(dpa)s.
The Judd-Ofelt intensity parameters of the four Er *^ complexes are presented in table 8.4, 
along with the deviation of the least squares fit {ASrms) as described by equation 3.10 in 
chapter 3. In the case of the Er^  ^ series, the ASj-ms suggests that the least squares fit is good 
for all of the complexes with the h i g h e s t d e v i a t i o n  having been calculated for the Er^^(4- 
Cljs at a value of 0.31. As with the complexes previously studied in this thesis a large variation 
was found in the Judd-Ofelt intensity parameters of ^ 2, with values ranging from 1.80 to 6.28  
between the Er^ {^3 ,5 -Br)3 and Er^ (^4 -CI)3 complexes respectively. Again as was the case with 
the Dy^  ^ complexes the range of values for and Hg are more consistent than those of f%2 , 
with values ranging from 0.69 to 1.48, with a standard deviation of 0.39 and 0.38 found for 
and fig respectively.
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Complex
f%2
(xlO'Zo
cm^)
H4
(xlO '20
cm^)
(xlO '20
cnf)
^^rms
(xlO'20
cm^)
Er^+(dpa)3 3.47 0.82 1.47 0.15
Er^^(chel)3 3.38 1 .0 2 1.48 0 .2 0
Er3+(4-CI)3 6.28 1.42 1 .2 1 0.31
Er"l3,5-Br)i 1.80 0.69 0.73 0.03
Table 8.4 Judd-Ofelt phenomenological param eters ( % )  and root mean square oscillator 
strengths calculated for the Er '^’ organolanthanide complexes.
The Judd-Ofelt param eters w ere used to  calculate the fluorescence line strengths, radiative  
decay rates, branching ratios and radiative lifetimes o f several possible decay routes in the  Er^+ 
ion o f the organolanthanide complexes. The transitions from  the upper manifold states o f 
"^ li3/2, '‘ln /2/ "^ lg/2, "^ Fg/2, '‘S3/2, ^Hn/2, "^ F7/2/ and ^Gg/2, to  all the  possible corresponding low er-lying  
manifold states fo r Er^^(dpa)3  are presented below in tab le 8 .5 . On comparison o f th e  radiative  
lifetimes calculated it can be seen that the longest predicted lifetim e is th a t o f the  in tra-atom ic  
4 /  — 4 /  transition "^ li3/2 -> '‘I15/2 corresponding to  emission a t ~1540nm .
Transition  
: 'L 7 ' ^  SLJ
W avelength
(nm )
E^DRad 
X lO'Zo
(cm 7
A (s ')
Branch Ratio
^calc
L ifetim e
^calc
(ms)
^ll3/2 ^ll5/2 1538 2267 107.743 1 .0 0 0 9.28
^ lll/2 " l^l3/2 
^ll5/2
2778
990
1.850
0.679
17.435
141.238
0 . 1 1 0
0.890
6.30
l^g/2 ^lll/2  
^ll3/2 
^ll5/2
4651
1739
816
0.252
1.062
0.156
0.607
48.931
69.571
0.005
0.411
0.584
8.40
^Fg/2 -> l^g/2 
^  \H 2
3448
1980
0.490
2.140
2.897
66.774
0.003
0.063
0.95
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^ll3/2 1156 0 .265 41 .6 11 0 .04 0
\ s n 660 1 .116 9 40 .669 0 .89 4
^Sb/2 -> l^g/2 1639 0 .438 60 .208 0 .033
\ l / 2 1 2 1 2 0 .1 1 2 3 8 .097 0 .0 2 1
-> ^ll3/2 844 0 .509 5 12 .667 0 .281
^llS/2 545 0 .325 1 215 .766 0 .6 6 6
^H ii/2 -> "^ Fg/2 2500 1.282 16.563 0 .00 4
l^g/2 1449 1.195 79 .283 0 .01 8
\ l / 2 1105 0 .291 4 3 .6 27 0 .0 1 0
\V 2 791 0 .207 84 .715 0 .01 9
\s /2 522 2 .947 4 1 7 9 .2 3 8 0 .949
"^ Fg/z 1942 0 .092 3 .813 0 .0 0 1
-> l^g/2 1242 0 .763 120 .548 0 .039
\ l / 2 980 0 .451 145 .052 0 .046
^ll3/2 725 0 .276 2 19 .565 0 .07 0
^  ^llS/2 493 1 .040 2636 .585 0 .84 4
'Gg/2 -> ^Fy/2 2439 0 .443 7.391 0 .003
-> ^H ii/2 1905 0 .355 12 .448 0 .00 4
""Fg/z 1081 0 .099 18.983 0 .007
"lg/2 823 0 .062 27 .133 0 .0 1 0
\ n 2 699 0 .382 270 .471 0 .0 0 0
-> ^ll3/2 559 0 .8 8 8 1233 .812 0 .442
-> ^llS/2 410 0 .347 1220 .777 0 .437
0 .55
0 .23
0 .32
0 .36
Table 8.5 Calculated emission line strengths (SEORad)/ transition probabilities (^ 4) and 
branching ratios [pcaic) and radiative lifetimes {Tcaic) of Er^^(dpa)3.
Table 8 .6  presents the experimentally measured intra-atomic -> \ s n  4 /  -  4 /  radiative 
lifetimes (T^g^s) of the Er^  ^complexes at room temperature along with those predicted by the 
Judd-Ofelt theory {Tcaic) for the same transition using equation 3.13. The lifetimes predicted 
by the Judd-Ofelt theory are again several orders of magnitude longer than those measured 
experimentally. Judd-Ofelt theory predicts that the lifetimes should take the order 3,5-Br > 4- 
Cl > dpa > chel, where Er^^(chel)3 has the shortest lifetime, this is in contrast to the measured
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lifetimes which take the order 3,5-Br > dpa > chel > 4-CI where Er^^(4-Cl)s is found to have the 
shortest lifetime.
Lifetim e Lifetim e
Com plex '^calc ^meas
(ms) (|IS)
Er^*(dpa)3 9 .28 1.15
Er^*(chel>3 9 .14 0 .93
Er^*(4-CI)3 10.41 0 .2 1
Er^*(3,5-Br)i 18.11 1.69
Table 8 .6 .Comparison of radiative lifetimes calculated using Judd-Ofelt theory {Tcaic) and 
experimentally measured lifetime {r^eas) for the Er^ + complexes for the intra-atomic 4 /  -  4 /
transition -> "^ lis/2-
Table 8.7 presents the calculated Judd-Ofelt photoluminescence quantum efficiency {r]caic) for 
the Er *^ complexes. As reported above the experimental PLQE {Tf]rneas) could not be measured 
due to the low efficiencies of the complexes indicating a quantum efficiency of less than 
T|<0.01 for all the Er *^ complexes. The experimental lifetimes predicted in section 8.4 of this 
chapter took the order 3,5-Br > dpa > chel > 4-CI, where Er^^(3,5-Br)i demonstrated the highest 
efficiency. In contrast the calculated PLQE (r[caic) predict an order of dpa > chel > 3,5-Br > 4-CI 
where Er^^dpajg is the most efficient complex.
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Com plex
Efficiency
^calc
x l 0 ‘®
Efficienc
^meas
Er^*(dpa)3 124 .2 n /a
Er^*(chel)3 101.5 n /a
Er"*(4-CI)3 2 0 .2 n/a
Er’ *(3 ,5 -B r)i 93 .2 n /a
Table 8 .7  Comparison o f the calculated ( j ] c a i c  =  and measured { r ] m e a s )
T^ calc
photolum inescence quantum  efficiencies (PLQE) fo r the  Er^  ^organolanthanide complexes
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8.7. Conclusions
3+Ligand substitution significantly affects the longevity of excited state energy levels in the Er 
complexes. The addition of an 0-H  group on the 4-position of the dipicolinic acid [Er^^(chel)3] 
was seen to marginally reduce the radiative lifetime of the complex whereas the PLE results 
showed that the ligand was effectively sensitized to ligand excitation. Chlorinating the 4- 
position of the dipicolinic acid [Er^ (^4 -CI)3] is seen to significantly reduce the radiative lifetime 
of the Er^ + complex suggesting an increase in non-radiative relaxation. This was in contrast to 
the PLE measurements which suggest that the ligand efficiently sensitized the excitation of the  
Er^  ^ ion. Brominating the chel complex [Er^^(3,5-Br)i] greatly improved the lifetime of the 
complex beyond that of both Er^^(chel)3 and even beyond that of the original complex 
Er^^(dpa)3. A significant reduction in the PLE ligand sensitization was also observed for Er^^(3,5- 
Br)i. As such these results suggest that the 4 /  energy states are not resonant with the ligand 
triplet energy level resulting in a reduction in forward energy transfer from the ligand to the 
Er *^ ion with a similar reduction in backward energy transfer from the Er^* ion to the ligand. 
We could therefore proceed in future by brominating the ligand to reduce non-radiative 
recombination but consider modifying the ligand to improve sensitization by, for example, 
adding other functional groups. In the case of Er *^ the most efficient complex studied is likely 
to be that of Er^^(chel)3 given the relatively long lifetimes measured and the high PLE 
intensities measured for the ligand.
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In this thesis we report the optical characterization of the lanthanides Gd% Pr% Nd^% and 
Er *^ complexed by pyridine 2,6-dicarboxylic acid and its 4-substituted and 3 , 4, 5 -tri-substituted 
derivatives. The optical characterization techniques of absorption, photoluminescence, 
photoluminescence excitation spectroscopy, photoluminescence quantum efficiency and 
radiative lifetime measurements were used to investigate these dipicolinic acid based 
organolanthanide complexes. Specifically looking into how changing the functional groups of 
the dipicolinic acid based organolanthanide complexes affects the excited state energy levels 
of the ligand and hence the energy transfer from the ligands to the Ln *^ ions. From the ligand- 
based photoluminescence obtained from the Gd^^(3 ,5 -Br)2 complex the singlet and triplet state 
energies for the 3,5-dibromo-substituted complexes (3,5-Br) are estimated to be at 2.9eV and 
2.3eV respectively.
From the absorption obtained for all the Ln *^ complexes of dpa, chel, 4-CI and 3,5-Br studied in 
this paper it can be seen that the ligand absorption edge of the complexes shift in wavelength 
with the order 3,5-Br > chel > 4-CI > dpa where the 3,5-Br complex is the most red-shifted. We  
relate the red-shift in the ligand absorption edges of the complexes to the electronic energy 
levels of ligands which will shift in a similar manner. The estimated energy level of the triplet 
state of the 3,5-Br ligands and the trend observed for the absorption edge of the ligands 
presented above therefore give us a lower limit on the energy level of the triplet states for the  
remaining ligands of dpa, chel and 4-CI studied. As discussed throughout this thesis the 
ultraviolet region of the PLE spectra show the presence of energy transfer from the excited 
ligand to the Ln^  ^ ion, it is typically proposed that this occurs from the triplet energy level of 
the ligand to a resonant 4 /  energy level in the Ln *^ ion and hence demonstrates ligand 
sensitized emission from the Ln *^ ions. As the 4 /  energy states for all the Ln *^ ions are well
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documented we can use the relative PLE peak intensities measured in the ultra-violet region 
for all the similar organolanthanide complexes to estimate the likely triplet energy levels of the  
remaining ligands.
From the PLE spectra presented in this thesis we see that the dpa complex leads to relatively 
strong sensitized emission in the cases of the Nd^Xdpajg and Dy^^dpajs complexes which 
shows intense peaks in the ultra-violet region of the PLE spectra with a reduction in sensitized 
emission found to be present in the case of Pr^^(dpa)3 and Er^^{dpa)3 complexes. From figure 
1.22, presented in chapter 1, which shows the known 4 /  energy levels of all the Ln *^ ions 
studied in this thesis and the conclusion of the lower energy limit of ~2.3eV determined for the 
3,5-Br ligand, we can see that a likely energy level of the triplet state for the dpa molecule is 
~2.95eV. This would make the triplet level resonant with the 4 /  energy level ^Pi/z of the Nd^  ^
ion and the 4 /  energy level ^Gn/z level of the Dy^  ^ion. At this energy there are no resonant 4 /  
energy levels in both the Pr^* and Er *^ ions correlating with the observed reduction in ligand 
sensitized emission evidenced from the PLE spectra of these complexes. As discussed above 
the dpa-based complexes were seen to be the most blue-shifted absorption across all the Ln *^ 
complexes studied. W e therefore suggest that the triplet energy level of the dpa-based 
complexes give us the upper limit on the triplet states for the remaining complexes chel and 4- 
Cl. From the ultra-violet region of the PLE spectra presented, we see that the chel-based 
complexes demonstrate sensitized Ln *^ emission from all the complexes studied in this thesis 
Pr^" (^chel)3, Nd^^(chel)3, Dy^" (^chel)3 and Er^^(chel)3 indicating a triplet state which is resonant 
with a 4 /  energy level in each Ln *^ ion. Given the estimated triplet states of the 3,5-Br and dpa 
-based complexes discussed above and the known 4 /  energy levels for the Ln *^ ions presented 
in figure 1.22 we estimate the triplet energy level of the chel-based complexes to be ~2.75eV. 
This would make the triplet energy state of the chel-based complexes resonant with the 4 /
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energy levels: I^g, ^Gn/z, "^ lis/2 and "^ Fs/z of the Pr^^ Nd% Dy^  ^and Er '^’ ions respectively. In the 
case of the 4-CI -based complexes we see highly ligand sensitized Ln^* emission from the 
complexes Pr^ "^ (4 -CI)3 and Er 7^ 4 -CI)3 whereas the complexes Nd^^(4 -CI)3 and Dy^^(4-CI)i show 
less ligand sensitized Ln *^ emission. W e therefore estimate the triplet energy level of the 4-CI 
molecule to be resonant with the 4 /  energy levels; P^z and '^ p3/z of the Pr^* and Er *^ ions 
respectively. W e therefore estimate the energy level of the triplet state of the 4-CI-based 
complexes to be ~2.85eV.
The most efficient family of organolanthanide complexes, in terms of their ability to sensitize 
emission from their coordinated lanthanide ion, investigated in this thesis were found to be 
those formed around Dy^  ^ with PLQ efficiencies (r|) ranging from 0.01 x 10'^ to 4.06 x 10 .^ 
Overall Dy^^(chel)3 was found to be the most efficient complex studied in this work. The Pr^* 
organolanthanide complexes were found to be the second most efficient with PLQ efficiencies 
(rj) ranging from 66.79 x 10'^ to 1.06 x 10 ^ In the case of the Pr^* complexes, Pr^^(chel)3 was 
again found to be the most efficient. Following the Pr^* organolanthanide complexes, the Nd^  ^
organolanthanide complexes were found to be the next most efficient with PLQ efficiencies (rj) 
ranging from 0.54 x 10'^ to 0.17 x 10 ^ however in the case of the Nd^ "" complexes Nd^^(4 -CI)3 
was found to be the most efficient. Finally the Er^  ^organolanthanide complexes were found to  
be the least efficient of all the Ln *^ complexes studied in this thesis with no PLQE results 
obtained as the PLQ efficiency was below the measurable limit of our experimental 
arrangement. The upper limit of the PLQ efficiencies (rj) for the Er *^ complexes were therefore  
found to be approximately 0.17 x 10'® which was the efficiency measured for Nd^^(chel)3.
Halogénation of the dipicolinic acid based complexes was not seen to consistently improve the 
efficiency of the Ln^  ^ organolanthanide complexes, rather in the cases of Pr^* and Dy^  ^
chlorination is seen to significantly reduce the photoluminescent lifetimes. Chlorinating the
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dipicolinic acid based complexes is also seen to reduce the photoluminescent lifetimes for the 
complexes Pr^\ and Er^  ^ indicating an increase in the non-radiative relaxation efficiency. 
Instead substitution of a hydroxyl group on the dipicolinic acid increases the efficiency of the 
Ln *^ organolanthanide complexes as is seen for the complexes Pr^  ^ and Dy^^ The 
photoluminescent lifetimes of these complexes however do not similarly increase.
The photoluminescent efficiencies found here suggest that the dipicolinic acid based 
organolanthanide complexes do not currently present a very efficient means to sensitize 
lanthanide emission. However as the majority of the substituted ligands are found to fully 
satisfy the 8-9 coordination requirements of the Ln *^ ions. As such this technology might be 
suitable for aqueous systems including biosensing and low-cost sensing applications where  
emission in the NIR is desirable.
Upon investigation of the organolanthanide complexes using the Judd-Ofelt theory trends 
were clearly observed, however due to the large amount of non-radiative relaxation in the  
experimental measurement it is difficult to quantitatively compare the calculated and 
experimental data. To properly assess the accuracy of the Judd-Ofelt theory, the lifetimes of 
the organolanthanide complexes need to be measured at low temperatures to reduce the  
effects of non-radiative recombination which are not accounted for in the Judd-Ofelt theory. 
This would facilitate a more quantitative comparison of the Judd-Ofelt calculated and 
experimentally measured data.
In this work we have demonstrated that using the photoluminescence from dipicolinic based 
organolanthanide complexes of Pr^^ Nd^\ Dy^  ^ and Er *^ it would be possible to create broad 
band coverage of the near infra-red region (NIR). The organic molecules can be used to 
sensitize the lanthanide emission. The next step in this work would therefore be to create a
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compound which was able to emit broad-band photoluminescence in the NIR region by mixing 
the most efficient complex from each lanthanide in appropriate ratios.
In summary we have assessed i) the ability to sensitize a variety of lanthanide ions with 
dipicolinic based ligands which absorb photons and transfer energy into the lanthanide ion and
ii) the ability to minimise the non-radiative relaxation in the complex by using halogens to tune 
the phonon energies. The lanthanide ions were sensitized using organic molecules which 
display strong optical absorption in the ultra-violet region due to n  ^  n *  and related 
transitions. Dipicolinic acid was chosen for this study as unlike many organic molecules it 
forms three bonds with the lanthanide ions satisfying the Ln *^ coordination requirement, 
thereby excluding other molecules (e.g. water) from binding which would reduce the emission 
efficiency. Once the Ln *^ ions are sensitized radiative relaxation of the 4 /  energy levels 
competes with non-radiative routes. One such non-radiative route is via vibrational coupling to  
vibrational modes of the ligand such as those of 0-H  and C-H which oscillate at relatively high 
energies. Halogénation of the ligands with chlorine and bromine (which oscillate at relatively 
low energies) act to reduce the number of 0-H  and C-H bonds and hence reduce the number 
of non-radiative pathways was then also assessed.
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10.1. Praseodymium
Transition Wavelength I c T (À ) .d À  SEOmeas S e d c u Ic
\ / 2 ^ S 'L 'J ' (nm) (xio-2°cm') (XlO’^cm) (XlO'^cm)
^D2 596 9.00 1.08 1.08
^Po, 3pi, ^Pz 449 4.11 6.56 6.56
Table 10.1 Measured absorption cross-sections ( /  cr(A). dÀ), line strengths measured 
i^EDm eas) and calculated (Se d c u Ic) of Pr^^(chel)3.
Transition Wavelength I (r(À ).dÀ  SEomeas SedcuIc
% /2 ^ S 'L T  (nm) (xio-2°cm7 (X10'°cm) (X10"°cm)
'□ 2  596 3.23 0.39 0.38
^Po, ^Pi, l^6, ^ Pz 449 0.58 9.32 9.32
Table 10.2 Measured absorption cross-sections ( /  a(À ) . dÀ), line strengths measured 
{SEDmeas) and calculated [Se d c u Ic) of Pr^^(3,5-Br)i.
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10.2. Neodymium
Transition W avelength J a(^X).dX ^E D m eas ^ED ca lc
l^g/2 S'L'J' (nm )
(X10’^°cm7
(X10'^°cm) (X1 0 '2°cn
% 2 872 11 .667 1.066 0 .88 0
^Fs/2, ^Hg/2 801 4 2 .4 19 4 .218 4 .20 2
'F 7/2/ S 3/2 742 4 2 .4 7 4 4 .56 0 4 .77 8
"Fg/2 680 2 .381 0 .279 0 .319
^H i i /2 626 0 .678 0 .086 0 .08 0
^Gs/2, ^Gy/2 582 4 3 .0 6 4 5 .894 5 .951
^Ki 3/2, ^Gy/2, "^ Gg/2 526 16 .401 2 .484 1 .654
^Ki5/2, ^Gg/2, (^D/F)3/2, ^ G h / 2 469 4 .15 1 0 .705 0 .35 7
^Pl/2 430 0 .249 0 .046 0 .785
^^3/2, "^ 05/2 356 5 .105 1.142 0 .85 6
Table 10.3 Measured absorption cross-sections ( f  a{X) . dX), line strengths measured
{^EDm eas) and calculated [SedcuIc) of Nd^^(chel)3.
Transition W avelength j  a (X ).d X ^E D m eas ^E D  ca lc
l^g/2 -> S'L'J' (nm )
(X10'^°cm 7
(X10'^°cm) (X10‘^°crT
"F3/2 872 16.653 1.521 1 .385
^Fs/2, ^Hg/2 801 4 9 .1 5 4 4 .888 5 .03 1
"F7/2,%/2 742 4 8 .8 69 5 .246 5 .295
"Fg/2 680 2 .700 0 .316 0 .36 5
^H i i /2 626 0 .75 0 0 .095 0 .09 2
^Gs/2, ^ G j / 2 582 4 9 .7 83 6 .814 6 .8 6 6
^Ki3/2, ^Gy/2, ^Gg/2 526 1 9 .504 2 .954 2 .15 9
K15/2, ^Gg/2, (^ D /F )3/ 2, ^G ii/2 469 3 .145 0 .534 0 .4 7 0
'P l /2 430 6 .277 1.163 1 .538
^Ds/2, ^Ds/2 356 6 .261 1.401 1 .403
Table 10.4 Measured absorption cross-sections (J cr(A ). d X ), line strengths measured 
iSEDm eas) and calculated {SedcuIc) of Nd^^(4 -CI)3.
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Transition W avelength  1 ( jÇ X )  . dÀ SEEmeas ^E D ca lc
" i9 / 2 ^ y z , y (X10‘^°cm)
"F3/2 872 14.785 1.351 1.011
^Fs/ 2, ^Hg/2 801 48.682 4.841 4.734
"F7/2/ S 3/2 742 46.215 4.961 5.315
"Fg/2 680 2.718 0.318 0.359
^Hi i /2 626 0.847 0.108 0.089
^Gs/2, ^ G j / 2 582 71.458 9.780 9.865
^Ki 3/2, ^G7/2, ^Gg/2 526 21.906 3.317 2.085
K15/2, ^Gg/2; {^D,^F)b/2, ^Gii/2 469 4.044 0.687 0.406
'P l/2 4 30 0.311 0.058 0.926
Table 10.5 Measured absorption cross-sections (J (t ( X )  . d À ), line strengths measured
{SEDmeas) and calculated {SedcuIc) of Nd^^(3,5-Br)i.
Transition W avelength  •S’^ D^ad x 10^° a - ^ b  Branch Ratio
^Fb/2 -> SLJ (nm ) ( c m l A  (s ') P c a lc
^p3/2 -> ^lg/2 880 0 .8903 5 34 4 .1 1 10 0 .15 41
^F3/2 -> "^lll/2 1064 3 .1903 10834 .0573 0 .55 23
^p3/2 -> ^ll3/2 1340 1 .5011 2 55 2 .0 1 09 0 .2 5 9 9
^p3/2 " l^lS/2 1880 0 .19 50 120 .0425 0 .0 3 3 8
Table 10.6 Calculated emission line strengths {SEDRad)> transition probabilities {A) and
branching ratios (Pcaic) of Nd^"^(chel)3.
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Transition W avelength ^EDRad X 10 a - ^  b Branch Ratio
" F 3 /2 ^ 5 L ; (nm ) (cm 7 A (s ') Pcalc
^Fs/z l^g/2 880 1.3975 838 8 .2 2 17 0 .19 99
^Fs/2 ^  \ l /2 1064 3 .7443 12715 .1912 0 .5355
^Fs/2 -> ^ll3/2 1340 1.6375 278 3 .7 8 24 0 .23 42
^Fs/2 ^ll5/2 1880 0 .2127 130 .9447 0 .0 3 0 4
Fable 10.7 Calculated emission line strengths (SEORad)/ transition probabilities (A) and 
branching ratios ipcalc) of Nd^" (^4-CI)3.
Transition W avelength ^EDRad X 10 a  ^  b Branch Ratio
% /2^SLJ (nm ) (cm 7 A (s ') Pcalc
^Fs/2 l^g/2 880 1 .0223 6 13 6 .4 1 90 0 .1 5 8 0
"^ F3/2 ^  ^lll/2 1064 3 .5630 1 2099 .5034 0 .5 5 0 8
^Fb/2 ^ll3/2 1340 1 .6666 2 833 .3047 0 .2 5 7 7
^Fb/2 ^ll5/2 1880 0 .2165 133 .2742 0 .03 35
Table 10.8 Calculated emission line strengths [SEDRad)t transition probabilities {^ 4) and 
branching ratios [pcaic) Nd^^(3,5-Br)i.
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10.3. Dysprosium
Transition  
^lg/2 -> S 'L 'J '
W avelength
(nm )
J a (À ) .d À  
(X 1 0 '^°cm 7
^ E D m eas
(X10'^°cm)
^ ED calc
(X10'^°cm)
^Hg/2, ^Fi i /2 1292 4 4 .3 50 4 .375 4 .37 7
^Fg/2, ^H7/2 1110 3 6 .725 4 .217 4 .28 6
^Hs/2, ^F7/2 915 21 .4 94 2 .994 2 .929
'Fs/2 807 7 .409 1.170 1 .230
^Fs/2 757 1.733 0 .292 0 .21 7
"Fg/2 476 0 .48 4 0 .129 0 .11 8
^ll5/2 452 0 .945 0 .266 0 .23 9
^G i i /2 428 0 .153 0 .046 0 .04 1
"F7/ 2, "il3/2 389 2 .496 0 .818 0 .39 9
Table 10.9 Measured absorption cross-sections { /  <t(A) ,. d À ), line strengths measured
{SEDmeas) and calculated [SedcuIc) of Dy'IcheDs.
Transition  
% /2 -^  S 'L 'J '
W avelength
(nm )
j  a ( X ) .d À  
(X 1 0 '^°cm 7
^ E D m eas
(X10'^°cm)
^ ED ca lc
(XlO'ZOcm)
^Hg/2, ^Fi i /2 1292 2 7 .647 2 .727 2 .72 8
^Fg/2; ^H7/2 1110 14 .701 1.688 1 .702
^Hs/2, ^F7/2 915 7 .356 1.025 1 .03 4
'F 5/2 807 2 .796 0 .442 0 .40 5
'F 3/2 757 0 .453 0 .076 0 .0 7 2
"Fg/2 476 0 .06 4 0 .017 0 .04 1
^ll5/2 452 0 .268 0 .076 0 .08 5
^G i i /2 428 0 .10 0 0 .030 0 .0 2 1
'F 7/ 2, "I13/2 389 0 .921 0 .302 0 .17 5
Table 10.10 Measured absorption cross-sections ( /  a ( À ) . d À ), line strengths measured
{SEDmeas) and calculated [SedcuIc) of Dy^+(4-CI)i.
212
10. Appendix
Transition Waveiength a(_X).dX Ssomeas SedcuIc
%,2-> S'L'J' (nm )
(X10'^°cm^)
(X10'2°cm) (X10'^°cm)
^Hg/2, ^Fi i /2 1292 131 .080 12.930 1 2 .930
*Fg/2, ^Hy/2 1110 5 7 .811 6.638 6 .621
^Hs/2, %/2 915 2 9 .9 1 0 4 .166 4 .2 3 7
% n 807 11.505 1.817 1.715
% 2 757 2.075 0 .349 0 .303
Table 10.11 Measured absorption cross-sections (J cr(2). dÀ), line strengths measured
[SEDmeas) and calculated [SedcuIc) of Dy^+(4-CI)i
Transition  
S'L'J' -> SLJ
W avelength
(nm )
E^DRad 
X lO'Zo
(cm^)
A (s ')
Branch Ratio
Peak
Lifetim e
^calc
(ms)
^Fg/2 ^Hi5/2 480 0 .13 4 198 .875 0 .354 1.78
^Fg/2 -> ^Hi 3/2 570 0 .385 3 40 .15 4 0 .605
^Fg/2 ^Hii/2 660 0 .040 2 2 .866 0 .041
Table 10.12 Calculated emission line strengths {SEORad)> transition probabilities [A) and
branching ratios [Pcalc) and radiative lifetimes [tcaic) of Dy^^(dpa)3•
Transition  
S'L'J' -> SLJ
W avelength
(nm )
E^DRad 
X 10'^°
(cm^)
r ^ j
A (s ')
Branch Ratio
Peak
Lifetim e
^calc
(ms)
"^ Fg/2 ^Hi 5/2 480 0 .117 172 .587 0 .406 2 .35
^Fg/2 -> ^Hi 3/2 570 0 .271 2 39 .70 7 0 .564
^Fg/2 -> ^Hii/2 660 0 .023 1 2 .974 0 .031
Table 10.13 Calculated emission line strengths {SEDRad)» transition probabilities (^4) and 
branching ratios iPcaic) and radiative lifetimes [tcaic) of Dy^^(chel)3.
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Wavelength
(nm)
^EDRad 
X lO'Zo
(cm^)
r - ^ j
A  (s ')
Branch Ratio
Peak
Lifetime
'^ calc
(ms)
480
570
660
0.041
0.143
0.017
60.311
125.863
9.629
0.308
0.643
0.049
5.11
Transition 
S ' L ' J ' S L J
*F g/2  ->  ^ H i5 /2  
*Fg/2 ->  ^Hi3/2  
^Fg/2 -> ^Hii/2
Table 10.14 Calculated emission line strengths {SEDRad)> transition probabilities {A) and 
branching ratios iPcaic) and radiative lifetimes {tca ic ) of Dy^ (^4-CI)i.
Transition 
S 'L 'J ' ^  SLJ
^Fg/2 -> ^Hi5/2 
^Fg/2 ^Hi3/2
^Fg/2 -> ^Hii/2
Table 10.15 Calculated emission line strengths [SEDRad)> transition probabilities [A ) and 
branching ratios iPcaic) and radiative lifetimes {tca ic ) of Dy^ ‘"(3,5-Br)3.
Wavelength
(nm)
E^DRad 
X lO'Zo
(cm )^
r ^ j
A  (s ')
Branch Ratio
Peak
Lifetime
'^ calc
(ms)
480
570
660
0.168
0.704
0.092
248.262
621.403
52.363
0.269
0.674
0.057
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10.4. Erbium
Transition Wavelength J a (À ) .d À ^E D m eas ^ ED calc
l^is/2 S 'L 'J ' (nm) (X10‘^ °cm )^ (X10‘^ °cm) (X10'^°cr
% 2 970 5.284 0.694 0.680
^Fs/ 2/ ^Hg/2 652 6.614 1.293 1.228
"F7/2/S3/2 542 1.447 0.340 0.327
"Fg/2 523 10.666 2.599 2.962
^H i i /2 489 4.004 1.044 1.076
^Gs/ 2, ^Gy/2 448 2.082 0.592 0.518
^Ki3/ 2, "^Gy/2, ^Gg/2 407 1.000 0.313 0.353
K i5/ 2/ ^Gg/2, (^D, ^F)s/2, ^G h/2 379 12.169 4.092 3.809
^Pl/2 365 2.011 0.702 0.812
Table 10.16 Measured absorption cross-sections { /  a (À ) . dÀ), line strengths measured 
{SEDmeas) and calculated {SedcuIc) of Er^^(chel)3.
Transition Wavelength J a { À ) . d À ^E D m eas ^E D calc
(nm) (X10'^°cm^) (X10-2°cm)
(X10'2°cr
"F3/2 970 5.763 0.694 0.680
F^g/y, ^Hg/2 652 6.712 1.293 1.228
"Fy/2;"S3/2 542 0.913 0.340 0.327
""Fg/y 523 18.857 2.599 2.962
^Hii/y 489 3.655 1.044 1.076
^Gg/y, G^y/y 448 1.157 0.592 0.518
K^i3/2, ^Gy/y, "^ Gg/y 407 1.046 0.313 0.353
Kig/y, ^Gg/y, (^ D, ^Fjs/y, ^Gn/y 379 21.122 4.092 3.809
^Pl/2 365 2.671 0.702 0.812
Table 10.17 Measured absorption cross-sections ( /  a^À^.dÀ), line strengths measured 
{SEDmeas) and calculated {SEOcaic) of Er^^(4-CI)3.
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Transition Wavelength j  aÇ^À^.dÀ ^E D m eas ^ E D  calc
l^is/2 S 'L 'J ' (nm) (X10‘^ °cm )^ (Xior^cm) (X10'2°cm)
"Fb/2 970 2.541 0.334 0.340
F^s/2, H^g/2 652 3.554 0.695 0.706
"F7/2,%/2 542 0.603 0.142 0.162
"Fg/2 523 6.704 1.634 1.633
489 2.308 0.601 0.559
^Gs/2/ ^Gy/2 448 0.816 0.232 0.256
Ki3/2/ ^Gy/2, *Gg/2 407 0.475 0.149 0.178
Table 10.18 Measured absorption cross-sections ( /  o(?C). dX), line strengths measured 
{SEDmeas) and calculated {SsDcaic) of Er^^(3,5-Br)i.
Transition Wavelenj
S 'L 'J ' ^  SLJ (nm)
l^l3/2 l^l5/2 1538
"^ lll/2 l^l3/2 2778
\ s n 990
\ l 2  ^h l/2 4651
l^l3/2 1739
l^lS/2 816
F^g/2 -> l^g/2 3448
^hi/2 1980
l^l3/2 1156
-> l^l5/2 660
"^ Sg/y \ / 2 1639
\ \ / 2 1212
l^l3/2 844
l^l5/2 545
Hii/y F^g/y 2500
\ / 2 1449
\ H 2 1105
•^EDRad 
X 1 0 ‘^°
(cm'
2.302
J ' - ^ J
A  (s ') 
109.441
Branch Ratio
^calc
1.000
Lifetime
^calc
(ms)
9.14
1.892 17.828 0.112 6.28
0.680 141.494 0.888
0.267 0.642 0.005 7.40
1.071 49.352 0.365
0.191 85.078 0.630
0.479 2.833 0.002 0.87
2.148 67.026 0.058
0.296 46.387 0.040
1.228 1034.923 0.899
0.456 62.724 0.034 0.54
0.114 38.631 0.021
0.512 516.106 0.280
0.327 1223.922 0.665
1.251 16.168 0.004 0.23
1.191 79.017 0.018
0.316 47.311 0.011
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-> \ 3 / 2  
*ll5/2
791
522
0.218
2.962
89.024
4199.941
0.020
0.948
F^y/2 F^g/2 
-> l^g/2 
-> \ n 2
-> ^ll3/2 
-> ^ll5/2
1942
1242
980
725
493
0.098
0.785
0.505
0.343
1.076
4.054
123.986
162.482
273.349
2726.785
0.001
0.038
0.049
0.083
0.829
0.30
^Gg/2 ^Fy/2 
^Fiii/2 
"Fg/2 
^  ' I 9/2 
■> ^lll/2 
^  ^ll3/2 
^  ^ll5/2
2439
1905
1081
823
699
559
410
0.442
0.389
0.105
0.062
0.395
0.908
0.353
7.387
13.651
20.158
27.074
280.026
1261.422
1242.004
0.003
0.005
0.007
0.009
0.000
0.442
0.436
0.35
Table 10.19 Calculated emission line strengths (S E D R a d )>  transition probabilities (v4) and
branching ratios i P c a i c )  and radiative lifetimes [ T c a ic )  of Er^^(chel)s.
Transition  
S ’ L ' ] ’ S IJ
W avelength
(nm)
^ E D R a d  
X lO'Zo
(cm^)
r - ^ j
A  (s ')
Branch Ratio
Pca\c
Lifetim (
^ c a l c
(ms)
^ll3/2 ^ll5/2 1538 2.021 96.060 1.000 10.41
^lll/2 ^ll3/2 
^il5/2
2778
990
1.765
0.656
16.626
136.437
0.109
0.891
6.53
l^g/2 ^lll/2  
^ll3/2 
\ s / 2
4651
1739
816
0.268
0.884
0.258
0.646
40.721
114.895
0.004
0.261
0.735
6.40
^Fg/2 -> "^ lg/2 
-> ^lll/2  
^ll3/2 
^ll5/2
3448
1980
1156
660
0.846
2.011
0.368
1.319
4.999
62.769
57.639
1111.457
0.004
0.051
0.047
0.899
0.81
^Sb/2 -> l^g/2
\ l / 2
1639
1212
0.419
0.095
57.670
32.439
0.038
0.021
0.66
217
10. Appendix
-> \ 3 / 2  
^ll5/2
844
545
0.419
0.267
422.170
1001.157
0.279
0.662
^Hi i / 2 ^Fg/2 
"^ 19/2 
^lll/2  
^  ^ll3/2 
^ll5/2
2500
1449
1105
791
522
2.314
1.745
0.465
0.295
5.173
29.910
115.731
69.662
120.593
7336.832
0.004
0.015
0.009
0.016
0.956
0.13
^F7/2 -> ^Fg/2
^  l^g/2 
-> ^lll/2 
^ll3/2 
-> ^ll5/2
1942
1242
980
725
493
0.143
0.755
0.581
0.479
0.966
5.910
119.340
186.850
381.166
2448.904
0 .002
0.038
0.059
0 .121
0.779
0.32
^Gg/2 -> "^ Fy/2 
 ^FI 11/2 
^  "Fg/2 
l^g/2 
-> ^lll/2 
^ll3/2 
^ll5/2
2439
1905
1081
823
699
559
410
0.763
0.534
0.124
0.106
0.522
1.087
0.300
12.743
18.733
23.739
46.226
370.137
1510.994
1055.221
0.004
0.006
0.008
0.015
0 .000
0.497
0.347
0.33
Table 10.20 Calculated emission line strengths {SEDRad)> transition probabilities {A) and
branching ratios {pcaic) and radiative lifetimes [Tcaic) of Er^^(4-CI)3.
Transition  
S’V y  ^  SLJ
W avelength
(nm )
^EDRad 
X 10'2°
(crnf)
A (s ')
Branch Ratio
peak
Lifetime
^calc
(ms)
^ll3/2 ^ll5/2 1538 1.162 55.230 1 .000 18.11
^lll/2 ^ll3/2 
-> ^ll5/2
2778
990
0.971
0.340
9.147
70.702
0.115
0.885
12.52
l^g/2 ^lll/2 
^ll3/2 
^  ^ll5/2
4651
1739
816
0.145
0.531
0.126
0.348
24.480
56.269
0.004
0.302
0.694
12.33
^Fg/2 -> '^ Ig/z 3448 0.255 1.506 0 .002 1.52
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-> \H 2 1980 1.073 3 3 .4 74 0 .05 1
^ll3/2 1156 0 .17 6 2 7 .5 64 0 .042
-> ^ll5/2 660 0 .70 6 594 .601 0 .905
8^3/2 -> l^g/2 1639 0 .24 0 32 .993 0 .03 6
-> \ l / 2 1212 0 .05 7 19.353 0 .02 1
^ll3/2 844 0 .253 255 .031 0 .28 0
-> ^ll5/2 545 0 .162 604 .79 4 0 .663
^H ii/2 "^ Fg/2 2500 0 .67 0 8 .660 0 .00 4
^  ' I 9/2 1449 0 .62 8 4 1 .6 69 0 .01 7
\H 2 1105 0 .18 6 2 7 .896 0 .01 1
^ll3/2 791 0 .122 4 9 .8 3 4 0 .02 0
^llS/2 522 1.633 2 31 6 .1 7 0 0 .94 8
^Fy/2 -> ^Fg/2 1942 0 .056 2 .330 0 .001
^19/2 1242 0 .407 6 4 .386 0 .03 7
-> ^ lll/2 980 0 .29 9 9 6 .135 0 .05 5
-> ^ll3/2 725 0 .232 184 .563 0 .105
^  ^ll5/2 493 0 .559 1416 .026 0 .803
^Gg/2 -> ^Fy/2 2439 0 .241 4 .033 0 .003
 ^FI 11/2 1905 0 .23 0 8 .070 0 .005
""Fg/z 1081 0 .058 11 .210 0 .00 8
l^g/2 823 0 .03 4 14 .716 0 .01 0
^ lll/2 699 0 .21 6 153 .132 0 .00 0
-> ^ll3/2 559 0 .481 668 .193 0 .45 0
^ll5/2 410 0 .178 626 .06 4 0 .42 1
1.10
0 .41
0 .57
0 .67
Table 10.21 Calculated emission line strengths {SEDRad)> transition probabilities [A] and 
branching ratios iPcaic) and radiative lifetimes [tcaic) of Er ‘^'{3,5-Br)i.
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